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We have witnessed that research on semiconductors has led to a revolution in 
the electronic industry over the later half of the 20th century. However, the 
semiconductors have reached their limitations in terms of bandwidth and speed of 
information processing. It has been widely believed that photonics, an analogy of 
electronics, will push the electronics out of the marketplace. The word of “photonics" 
comes from "photon" which is the smallest unit of light, just as the electron is the 
smallest unit of electronics. Central to photonics technology are photonic bandgap 
(PBG) materials, also know as photonic crystals (PCs), which are the analogy of 
semiconductors. Thus, similar to the bandgap in a semiconductor, which is able to 
control electrons, the presence of a PBG in a PC allows one to control the flow of light.        
Over the past decade, breakthroughs have been made in the fabrication of 1D 
and 2D PBG materials because they are relatively easy to fabricate using the 
conventional “top-down” lithography techniques. However, when it comes to 3D PCs, 
conventional lithography approaches have trouble. Thus, it has been a great challenge 
to fabricate 3D periodic PC structures in a controllable way, in copious quantities, and 
at an acceptable cost.  
The self-assembly method, on the other hand, has been recently extensively 
explored and demonstrated as a simple and inexpensive route to fabricating 3D PCs. 
Briefly speaking, colloidal microspheres can be spontaneously assembled into 
colloidal crystal. Then the voids among the spheres of colloidal crystal are infiltrated 
with a material of high refractive index. Removal of the spheres produces a porous 




Although the self-assembly method has been demonstrated to afford 3D PCs 
with a full PBG, it is still far away from practical applications because of the main two 
issues associated with self-assembled 3D PBG materials. One is the domain size of a 
self-assembled colloidal crystal (template) is not large and uniform enough to realize 
photonic devices. The other one is that it lacks a generalized method for fabrication of 
artificial defects embedded into a self-assembled PC (the presence of defects in 3D 
PCs is as important as that in semiconductors). Thus, these two issues became the 
research focus of this thesis project.  
To solve the first problem, a flow-controlled vertical deposition (FCVD) 
method for self-assembly of colloidal spheres was introduced in this thesis work. 
Colloidal crystals fabricated using the FCVD method are uniform in thickness and 
have a domain size of several hundred micrometers. Colloidal spheres as large as 1.5 
μm can be assembled into colloidal crystals using the FCVD method, which is 
important to fabricate PCs using in telecommunications. In addition, the FCVD 
method was also observed to work well for infiltration of the colloidal crystals to 
create different surface morphologies. To solve the second problem, a totally novel 
fabrication strategy was developed — by combining self-assembly with 
photolithography, various defects including planar and point defects have been 
precisely inserted into a 3D PC to create PC heterostructures.  
Along with the main stream of the thesis work, various surface patterning was 
attempted to generate on silicon and glass substrates, which were further used to create 
ordered nanoarrays, nanorings, and nanopits. In addition, by using a layer-by-layer 










oC Degree Celsius 
δ Chemical shift 
d Diameter 
f Volume fraction in colloidal crystal 
φ  Particle volume fraction in colloidal suspension 
je Evaporation rate of the solvent 
Jevap Integral of water evaporation flux 
L  Evaporation length 
n Refractive index 
λ Wavelength 
Q Flow rate 
S Cross area of the container 
Tg Transition temperature 
VC Growth rate of the k-layer array 
VP Liquid surface dropping velocity induced by pump 
Vs Liquid surface dropping velocity 
VW  Withdrawal velocity of the substrate 
AFM Atomic force microscope 






CMC Critical micelle concentration 
 Nomenclature 
x 
CP Cross polarization 
CVD Chemical vapor deposition 
DA Dubinin-Astakhov 
EDX  Energy dispersive X-ray spectroscopy 
EM Electromagnetic 
FA Furfural alcohol 
FCC Face-centered cubic 
FCVD Flow-controlled vertical deposition 
FE-SEM Field-emission scanning electron microscopy 
FTIR Fourier transform infrared 
HCP Hexagonal close packed 
KKR Korringa-Kohn-Rostoker 
KPS Potassium persulfate 
LB Langmuir-Blodgett 
LED Light emitting diode 
LLS Laser light scatting 
MAS   Magic angle spinning 
NMR Nuclear magnetic resonance 
OEIC Optoelectronic integrated circuits 
OMOS Ordered macroporous organosilica 
PBG Photonic bandgap 
PC Photonic crystal 
PIC Photonic integrated circuits 
PS Polystyrene 
PSD Pore size distribution 
PW Plane wave 
PWE Plane wave expansion 
RI Refractive index 
RS Raman spectroscopy 
SDS Sodium dodecyl sulfurate 
SEM Scanning electron microscopy 
TEM Transmission electron microscopy 
 Nomenclature 
xi 
TEOS Tetraethyl orthosilicate 
TGA Thermogravimetric analysis  
TIPT Tetraisopropyl orthotitanate 
TMOG Tetramethoxygermane 
UV-Vis-NIR Ultra-Violet visible near-infrared 
VD Vertical deposition 
VSM Vibrating sample magnetometer 






Photon A quantum of electromagnetic energy of a single mode; 
i.e., a single wavelength, direction and polarization. As 
a unit of energy, each photon equals hν, h being 
Planck's constant and ν, the frequency of the 
propagating electromagnetic wave. The momentum of 
the photon in the direction of propagation is hν/c, c 
being the velocity of light.  
Band Gap In solid state physics, the band gap is the energy 
difference between the top of the valence band and the 
bottom of the conduction band in insulators and 
semiconductors, which is due to the periodic array of 
the atoms. Photonic band gaps are a set of forbidden 
energies for photons in the materials, which are 
produced through the periodic array of colloidal 
crystals.  
Photonic  Crystal Photonic crystals are periodic dielectric structures that 
have a band gap that forbids propagation of a certain 
frequency range of light.  
Colloidal crystal Colloidal crystals are periodic arrays of monodisperse 
colloidal spheres.  
Self-assembly Under appropriate conditions, monodisperse colloids, 
colloidal particles of identical size, shape, and 
interaction, can spontaneously arrange themselves into 
spatially periodic structures. This ordering is analogous 
to that of identical atoms or molecules into periodic 
arrays to form atomic or molecular crystals. They are 
distinguished from periodic stackings of macroscopic 
objects in that the periodic ordering is spontaneously 
adopted by the system through the thermal agitation 
(Brownian motion) of the particles. These conditions 
limit the sizes of particles which can form colloidal 
crystals in the range from about 0.01 to about 5 
microns. 
Nanosphere lithography Nanosphere lithography using periodic self-assembled 
colloidal spheres such as polystyrene or silica particles 
as a mask for the deposition and lithography of various 
amounts of different materials.  
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Photonic bandgap (PBG) materials, also known as photonic crystals (PCs), are 
a class of optical materials, which have a spatial periodicity of dielectric medium with 
different refractive indexes (RIs) on an optical-length scale. In a semiconductor, the 
band gap is the energy difference between the valence and the conduction bands due to 
the periodicity of atoms. The presence of a PBG, a forbidden energy barrier for 
photons, in a PC is however because of the periodicity of dielectric constants. Photons 
cannot travel along the direction of the periodic structures, which opens the possibility 
of controlling the flow of light through the materials.  
Over the past few years, micromachining and lithography techniques that are 
conventionally used in the electronic industry have been employed to fabricate PCs. 
However, these methods are complicated and costly when dealing with 3D structures 
(Campbell et al., 2000; Qin et al., 2004). Recently, the self-assembly method has been 
demonstrated to be a good technique, which has many advantages over the lithography 
approaches (Stein, 2003; López, 2003). The self-assembly process mainly indicates the 
self organization of monodisperse colloidal microspheres into colloidal crystal (also 
known as synthetic opal). Because close-packed structure is the thermodynamically 
most stable phase among all possible phases in the self-assembly process, the product 
of self-assembly is generally a face-centered cubic (fcc) crystal consisting of colloidal 
spheres (Woodcock, 1997a; Woodcock, 1997b). Actually, such a crystal is a PC if the 
refractive index contrast is high enough. Unfortunately, it is impossible to create a 
complete PBG in such a colloidal crystal structure because of the symmetry-induced 
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degeneracy (Leung and Liu, 1990a; Ho et al., 1990). However, if a further step is taken, 
namely to infiltrate the colloidal crystal with a high-refractive index material such as 
silicon, followed by removal of the microspheres, an inverse structure (inverse opal), 
which displays a complete PBG, can be obtained (Blanco et al., 2000; Vlasov et al., 
2001). Because of its advantages of simplicity and inexpensiveness, self-assembly 
approach can be a breakthrough in the research of PCs.  
1.1 Photonics and all-optical devices 
The research on semiconductors has led to a revolution in the electronics 
industry over the later half of the 20th century. The improvement in electronics was 
mostly revealed as the downsizing of the integrated electron circuits. In 1960s, Gordon 
Moore of Intel predicted that the number of electronic components that could be fitted 
onto a microchip would double every 18 months (Moore, 1965). However, the 
Moore’s Law may no longer hold as revealed by the fact that miniaturization has 
touched the fundamental barriers. Small circuits have a higher electrical resistance and 
greater power loss, emitted as unwanted heat. In addition, the speed of electrons in 
metallic wires is far slower than the velocity of light. Thus, scientists and engineers 
have been exploring optical rather than electronic circuits as the next-generation 
devices for carrying and processing signals.  
Photonics, a technology of the 21st century, is an analogy of electronics. Instead 
of controlling electrons, photonics deals with light and other forms of radiant energy 
whose quantum unit is photon. Compared to electrons, photons have many advantages 
in information processing. When photons travel through a dielectric medium, their 
speed is much faster than that of electrons. In addition, they do not interact strongly 
with the medium, thus a less energy loss. Furthermore, photons can carry a huge 
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amount of information. For example, as demonstrated in fiber-optic communications, 
the bandwidth of an optical cable is ~ 1 THz, whereas an electronic phone line is less 
than 1 MHz (Russell, 2003). With the increasingly rapid demand for high-speed 
computing and the internet, it is believed that photonics will push electronics out of the 
marketplace in the near future.  
The focus of photonics is fabricating all-optical device, which can control light 
in micro-scale to realize the functions of transmitting information. Although the 
concept of “integrated optics” was first brought forwards in late 1960s (Miller, 1969), 
the optical devices have advanced only in recent years after the concept of PCs 
independently proposed by Yablonovitch (1987) and John (1987). PCs are the optical 
analogy of semiconductors, in which the periodic potential is due to the periodic 
arrangement of the macroscopic dielectric or metallic media instead of atoms. In such 
crystals a stop band for a certain range of energy can exist when certain conditions are 
fulfilled, such as the dielectric constant contrast and the lattice structure. As a result, 
PCs will be the ideal construction blocks for the all-optical devices. Till now, PCs of 
various structures have been fabricated with traditional lithography and self-assembly 
techniques (López, 2003) and their working regions of wavelength have been extended 
from the microwave region (Yablonovitch and Gmitter, 1991) to the visible region 
(Blanco et al., 2000; Vlasov et al., 2001). However, embedding artificial defects into 
the PCs, which is resembled to the doping in semiconductor, is still a problem. In 
addition, the assembly of PCs, which is an important step to obtain all-optical devices, 
is still in the primitive stage (Aoki et al., 2003).  
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1.2 PBG and PBG materials 
The concept of PBG materials, or generally called PCs, was first proposed 
independently by Yablonovitch (1987) and John (1987). Since these materials, 
especially the 3D PCs, have the potential to control the behavior of photons, they 
provide a promising future in photonics (Arsenault et al., 2004). Considering the 
advantages of photons over electrons, such as neglectable interaction and vector-wave 
character, PCs will make a revolution in the communication technologies. Because of 
the promising properties of these PCs, the past few years have seen a dramatic increase 
in the number of publications in terms of modeling, fabrication, characterization, 
property evaluation, and application of PCs (Busch and John, 1998; John and Busch, 
1999; Koenderink et al., 2002; Xia et al., 2001; López, 2003; Arsenault et al., 2004).  
PCs are a class of materials with a spatial periodicity of dielectric medium with 
different RIs on an optical-length scale. The periodic variation of the RIs can introduce 
gaps into the energy band structure of the crystals. According to the arrangement of the 
dielectric media, the PCs can be classified mainly into one-dimensional (1D), two-
dimensional (2D) and three-dimensional (3D) PCs (See Figure 1.1). However, except 
of the dimension, the propagation of EM waves in these PCs is the same. Thus we can 
use the simplest 1D PC to explain the formation of PBGs as shown in the Figure 1.2 
(Yablonovitch, 2001). It can be seen that the 1D PC has alternating layers of different 
dielectric constants (Figure 1.2A). After the EM wave enters the PC, it is partially 
reflected at each boundary of the dielectric layers (Figure 1.2B). The reflected waves 
are in phase and reinforce one another. They combine with the incident wave to 
produce a standing wave that does not travel through the material (Figure 1.2C). The 
range of wavelengths in which incident waves are reflected is the PBG of the PC.   
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Figure 1.1 Schematic illustration of 1D, 2D and 3D PCs. The different colors 
represent materials with different dielectric constants (Joannopoulos et al., 1995).  
 
 
Figure 1.2 The propagation of EM waves in 1D PCs. The wavelength of the 
incident wave is in the PBG (Yablonovitch, 2001).   
 
Two factors are important to the structure of the bandgaps, the RI contrast and 
average RI. The former governs the gap width, the greater the contrast the wider the 
gap, while the latter governs the gap positions (López, 2003). Among them, 3D PCs 
have received considerable attention recently because they can possess a full bandgap, 
which can stop the propagation of EM waves in all directions. Therefore, by 
fabricating waveguides in the PCs the propagation direction of the EM waves can be 
controlled. As a result, 3D PCs provide a foundation for the development of novel 
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1997). However, the science and technology of PCs are still in the early phase of 
development. The main challenges that are facing materials scientists are how to 
fabricate 3D PCs in large domains and of high quality with acceptable cost.  
1.3 Fabrication methods of 3D PBG materials 
During the past few years, PCs of various structures have been fabricated 
(Thylén et al., 2004; López, 2003). The fabrication methodologies of PCs can be 
classified into two categories, the “top-down” approach and the “bottom-up” approach. 
Both strategies have their own advantages and have been developed extensively.  
1.3.1  The “top-down” methods 
The “top-down” methods indicate the strategies of carving the required shapes 
out from a bulk material, such as the conventional micromachining and lithography 
techniques (Birner et al., 20001). Normally, to manipulate the carving process, a 
predefined pattern is used to selectively remove un-wanted parts or grow extra 
materials (See Figure 1.3). The most attractive property of the top-down methods is 
their precisely control over the structure because of the use of mask and the advanced 
devices. In the past few years, breakthroughs have been made in fabrication of 1D and 
2D PCs because their structures can be relatively easy to fabricate. For example, 1D 
photonic distributed Bragg reflectors have been used in building optical and near-
infrared (IR) photonic devices (Fink et al., 1998). Although 2D PCs require somewhat 
more fabrication, relatively mature conventional techniques can be employed to 
achieve such structures, and there are several examples of 2D PBG devices operating 
at mid- and near-IR wavelengths (Painter et al., 1999; Joannopoulos et al., 1997). 
However, the “top-down” technique has trouble making thick 3D PCs. This is because 
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to fabricate 3D PCs the interior parts of the bulk materials are needed to be carved, 
which is not easy to realize using “top-down” strategies, especially in a micro-scale.  
  
Figure 1.3 An illustration of the “top-down” methods.  
 
1.3.2  The “bottom-up” methods 
Compared to the “top-down” methods, the “bottom-up” methods are much 
more intuitive. These approaches are comparable to building a house as shown in 
Figure 1.1, in which the structure is constructed from bottom to top and it was 
assembled from individual blocks. Because in this approach the PC grows up layer-by-
layer, the complex structures can be embedded by manipulating each growing steps. 
As a result, 3D can obtain easily using the “bottom-up” methods (Noda et al., 2000a; 
Palacios-Lidón et al., 2004; Tétreault et al., 2004). In addition, theoretically speaking, 
the thickness of the PCs can be infinitely increased by repeating the growing process. 
In contrary, in “top-down” method the thickness of the PCs is limited because of the 
limitation of the techniques. Furthermore, by using different individual components, 
PCs of different structures can be obtained (García-Santamaría et al, 2002; Özbay et al., 
1994a; Özbay et al., 1994b). Therefore, the “bottom-up” method will be a promising 
method for the fabrication of 3D PCs.   
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Figure 1.4 The illustration of the “bottom-up” methods.  
 
1.4 The self-assembly method for fabrication of PBG materials 
Recently, a “bottom-up” method, namely self-assembly has been explored and 
demonstrated as a simple and inexpensive route to make 3D PCs (Xia et al., 2001; 
Stein, 2001; López, 2003). Actually, besides the organization of microspheres, the 
concept of self-assembly can also be used to describe the design of molecules. 
However, to facility the description, in this thesis the self-assembly process is only 
indicated microspheres. In this method, the colloidal crystals are obtained by self-
assembly process and used as templates to direct the infiltration of a secondary 
material of high RI. Followed by removal of the colloidal spheres, an inverse opal with 
a complete PBG can be obtained (Vlasov et al., 2001; Blanco et al., 2000). Because the 
arrangement of the air pores in the inverse opal has significant effect on the creation of 
PBG, the fabrication of the colloidal crystal template is of importance in terms of the 
photonic properties of the final products. Sedimentation, evaporation, electrophoresis, 
etc. are the common methods for self-assembly of colloidal microspheres (Stein, 2001; 
López, 2003). In addition, to infiltrate the template with a high RI material, several 
techniques have been developed, such as liquid infilling, chemical vapor deposition 
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(CVD), and electrodeposition, etc. The inverse opal can be metals, metal oxides, 
semiconductors, carbons, etc. (Stein, 2001).  
1.4.1  Colloidal crystal template 
Colloidal crystals, namely opal, are stable structures composed sub-micrometer 
size colloidal spheres. Under appropriate conditions, monodisperse colloids, colloidal 
particles of identical size, shape, and interaction, can spontaneously arrange 
themselves into spatially periodic structures, which is named as self-assembly process. 
Although colloidal crystals have a periodic structure, they hold only pseudo gaps 
because of the symmetry-induced degeneracy (Leung and Liu, 1990a; Ho et al., 1990). 
However, the colloidal crystals can be used as template to direct the infiltration of high 
RI materials. And the inverse opal after the removal of the colloidal spheres can have a 
complete PBG (Sözüer and Haus, 1992).  
As the PCs are templated from the colloidal crystals and the PBG of the PCs is 
sensitive to the defects, the fabrication of large domain, defect-free colloidal crystals is 
extremely important. Various methods have been developed to fabricate the colloidal 
crystals, such as sedimentation method (Mayoral et al., 1997; Míguez et al., 1997), cell 
confined method (Park and Xia, 1999), vertical deposition method (Jiang et al., 1999a; 
Wong et al., 2003), Langmuir-Blodgett method (Gu et al., 2002) and floating method 
(Im et al., 2002a; Im et al., 2002b; Griesebock et al., 2002). However, the existence of 
defects is still an unsolvable problem in the fabrication of colloidal crystals. In addition, 
large domain PCs with uniform thickness are not easy to obtain with the published 
methods. Thus, further researches are needed to solve these problems.   
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1.4.2  Morphology control 
When the PCs are assembled into optical devices, their structure must be 
regular and their crystal planes must be recognizable. However, considering the small 
scale of the PCs, it is hard to cut a bulk PCs into regular pieces. Thus the morphology 
of the PCs can only be controlled during the fabrication process. Two processes are 
important to the morphology of the PCs, the self-assembly and the infiltration process.  
Although many methods are available to fabricate colloidal crystals, only the 
vertical deposition and Langmuir-Blodgett can control both the surface morphology 
and thickness (Jiang et al., 1999a; Gu et al., 2002). In these methods, the liquid 
meniscus crosses through the surface of the colloidal film, which smoothes the surface 
with capillary force. However, there are some problems existed in these methods. 
Because of the evaporation of solvent and the sedimentation of colloidal spheres, there 
exists concentration gradient in the suspension, which leads to the non-uniform 
thickness of the colloidal crystals. In addition, the sedimentation of the colloidal 
spheres also limits the range of spheres that can be used.   
Most of the existing infiltration methods can fully infiltrate the colloidal 
crystals with high refractive materials. However, the smooth and uniform surface 
morphology of the PC is important to further proceeding, for example, to grow defects 
in 3D PC (Palacios-Lidón et al., 2004; Tétreault et al., 2004). Recently, chemical vapor 
deposition (CVD) was explored to be an effective method to realize such objects 
(Míguez et al., 2002a; Blanco et al., 2000; Vlasov et al., 2001). However, in this 
method a complex CVD device is needed. In addition, this method can only be used to 
infiltration silica. Thus, a general, feasible method is required to realize morphology-
controllable infiltration.    
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1.4.3  Fabrication of heterogeneous structure 
Till now, various kinds of homogeneous PCs have been fabricated. However, 
the homogeneous crystals stop the EM waves in all directions, which can only be used 
as wave reflector or stopper. To realize the advanced applications, such as optical 
circuits, defects must be introduced into the bandgap structure to form heterogeneous 
structures. This process is comparable to doping in an electronic semiconductor and is 
the essential link between the PCs and all-optical devices.  
The fabrication of defects in 1D and 2D PCs can be easily realized by using 
certain masks (Foresi et al., 1997; Müller et al., 2000). However, embedding defects 
into 3D PCs is an extremely hard task. Because of the advantages of self-assembly 
strategy, many studies focused on embedding defects in the inverse opals. Point 
defects have been formed in the opals by doping impurity spheres of different size or 
different dielectric strength (Pradhan et al., 1996; Vlasov et al., 2001). However, the 
positions of these defects are unpredictable. By using multi-photon polymerization or 
direct electron-beam lithography, fabrication of line defects in the PCs was realized 
(Lee et al., 2002; Romanov et al., 2003; Ferrand et al., 2004; Juárez et al., 2004). 
Nevertheless, these methods are only applicable to polymer PCs. Recently, a multi-
step fabrication method combined with CVD method was developed to embed plane 
defects in the colloidal crystals (Palacios-Lidón et al., 2004; Tétreault et al., 2004).  
From the results published till now, we can seen that though self-assembly is a 
good method to obtain homogeneous 3D PCs, it is unsuitable for fabricating precise 
structure, such as nano-scale point or line defects. Thus other strategies, such as ion-
beam lithography, are expected to combine with self-assembly approach to obtain 
heterogeneous structure PCs.  
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1.5 Objectives of the project 
In spite of the great advantages of the self-assembly method for fabricating 3D 
PCs, there still have many problems as mentioned in section 1.4. Under such a 
background, the present PhD thesis work was targeted to  
• fabricate colloidal crystals free of defects and with uniform thickness in large 
domains;  
• be able to control the infiltration step as precisely as possible in order to 
manipulate the surface morphology of the infiltrated colloidal crystals; and 
• engineer artificial defects in a PC with a primary interest of photonic 
waveguide devices.  
Along with these main objectives was to pattern the surface of solid substrates 
using a nanosphere lithography technique. Various nanostructures such as nanoarrays, 
nanorings, and nanopits can be subsequently fabricated on the patterned substrates.  
1.6 Structure of thesis 
This thesis includes eight chapters. After a brief introduction to the project in 
Chapter 1, Chapter 2 provides a literature review on the theoretical background and 
materials fabrication methods of PCs, especially 3D PCs. The details of experimental 
methods and chemicals used are given in Chapter 3. In Chapter 4, the synthesis of 
monodisperse PS and silica spheres and the effects of experimental conditions are 
discussed. Chapter 5 describes the fabrication of 3D PCs with framework of silica, 
carbon, and titania. The embedding of defects in 3D PCs is attempted and presented in 
Chapter 6. Then in Chapter 7, the fabrication of surface pattering using a nanosphere 
lithography technique is described. Finally, in Chapter 8 an overall summary and 
recommendations for future work are given.   




2.1 Theory of photonic bandgap (PBG) and PBG materials 
In 1987, Yablonovitch (1987) theoretically proposed a 3D periodic dielectric 
structure as a means to control spontaneous emission. The motivation was to create a 
structure where the photonic gap would overlap the electronic gap thereby making it 
possible for improving the performance of semiconductor lasers, heterojunction 
bipolar transistors, and solar cells. At the same time, John (1987) independently 
predicted that a strong Anderson localization of photons could exist in a carefully 
prepared disordered dielectric superlattice. In addition, the author hypothesized that 
bandgaps for photons can form in the superlattice in three dimensions.  
These two pioneering theoretical works (Yablonovitch, 1987; John, 1987) 
resulted in the foundation of PBG materials. The electromagnetic (EM) waves 
traveling in these periodic dielectric structures are analogous to electronic waves in 
atomic crystals (semiconductors). In an electronic semiconductor crystal, the wave 
nature of the electrons leads to the raising of the band gaps. When waves of electrons 
travel in the semiconductor, they scatter off the layers or rows of atoms. And if the 
wavelength of the waves is the same as the spacing of the successive layers, all the 
scattered waves add up coherently and are reflect back completely. In PCs, the spatial 
periodicity of the dielectric constant plays the role of the array of atoms and the 
propagation of the EM waves of a given wavelength along a certain direction can be 
stopped. When this termination is wide enough and overlaps for both polarization 
states along all crystal directions, the material possesses a complete PBG. This unique 
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property provides the possibility of controlling the flow of photons as precisely as 
semiconductors do for electrons. In comparison with electrons, however, photons have 
a number of advantages in terms of information processing and transport 
(Yablonovitch and Gmitter, 1989): (1) the dispersion of electrons is parabolic while 
photons are linear, (2) the interaction between photons can be neglected, and (3) 
photons have a larger angular momentum with a vector-wave character. With these 
advantages, the PCs can be tailored to achieve many functions such as inhibiting the 
spontaneous emission, directing the propagation of the photons, and localizing photons 
in a specific area at a restricted frequency. As a result, it is not surprising that a great 
deal of research interest has been directed towards photonic technology and PCs 
(Birner et al., 2001; Stein, 2003; López, 2003).  
To explicitly elucidate how a PBG forms in a PC is a tedious work because 
there are so many factors that have to be taken into account. In addition, complex 
mathematics simulation has to be used. In the research work of Joannopoulos’s group 
(Joannopoulos et al, 1995), they illustrated the formation of the PBG clearly using the 
homogeneous dielectric semiconductor bulk and the 1D PC as illustrated in Figure 2.1. 
Figure 2.1A represents the dielectric semiconductor bulk with homogeneous dielectric 
constant. However, it was treated artificially as periodic multilayer with a lattice 
constant of a. It is known that the speed of light depends on the RI of the medium and 
the wave frequency is given by: 
            εω
ckk =)(                                  (2.1) 
 
where ω(k) is the frequency, c is the speed of light, k is a wave vector, and ε is the 
dielectric constant of the medium. According the Equation (2.1) the relationship 
between frequency and wave vector can be plotted as band structure. Because the wave 
vector is periodic and it repeats itself outside the Brillouin Zone, the band line folds 
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back into the zone when it reaches the edge shown as the band line labeled as n = 2. In 
the dielectric bulk the dielectric constant of each “layer” is the same, thus the two band 
line intersect at the edge of the Brillouin Zone, where the wave vectors are equal to 0.5 
and -0.5.  
      
 
Figure 2.1  (A) Structural model of homogeneous GaAs bulk and its band 
structure, and (B) Structural model of 1D PC and its band structure. The dark 
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This 1D PC is a multilayer film with alternating layer of different dielectric 
constants. Each layer has the same thickness and the difference of dielectric constants 
is only periodic in the z direction. Figure 2.1B is the band structure of on-axis 
propagation of EM wave. The dark region between band n = 1 and n = 2 is the PBG. 
Compared with the bulk semiconductor, the dielectric constants of the 1D PC change 
periodically, which cause a discontinuation of the band structures at the edge of the 
Brillouin zone.    
The description of the creation of band structure in 1D PCs can be expanded to 
2D and 3D PCs though the structures of the 2D and 3D PCs are much complex. The 
lattice shown in Figure 2.2 is the Brillouin Zone of a fcc structure. In the model, the 
polygonal structure is the Brillouin Zone, which is a truncated octahedron with center 
at Γ. The markers labeled as L, U, L, W, K are the special directions in the zone. And 
the irreducible Brillouin Zone is the polyhedron with corners at Γ, X, U, L, W and K. 
Shown in Figure 2.2 is the band structure of the fcc array of silica spheres. The x-axis 
represents directions and y-axis represents energy. Thus the band structure shows the 
information that the states of the EM wave energy along different directions.  
 
Figure 2.2 The model of the Brillouin Zone of a fcc structure and the band 
structure of a fcc PC fabricated using closed packed silica spheres. The lattice 
parameter is 2 D, where D is the sphere diameter (López, 2003).   
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At the early age of the research of PCs, due to the lack of suitable computer 
model, trial and error was the common used tools. Because the fcc structure is the most 
common atomic crystal, the early experimental works mainly focused on fcc lattices of 
microspheres embedded in a uniform host medium. After two years hard working and 
drilling more than 500,000 holes in dielectric plates (Yablonovitch, 2001), in 1989 
Yablonovitch and co-workers (1989) fabricated a crystal structure which had fcc 
arranged spherical voids in the semiconductor. They found a full bandgap between the 
second and the third bands in this crystal.  
However, no soon later, the reality and existence of bandgap in the fcc lattices 
of microsphere arrays were questioned by a couple of research groups (Zhang and 
Satpathy, 1990; Leung and Liu, 1990b; Ho et al., 1990). As criticized, the earlier 
theoretical calculations were solely based upon scalar-wave approximation whereas the 
vector nature of EM wave was ignored. When the vector character is taken into 
account, PBG extending throughout the whole Brillouin Zone can not be observed 
because of the presence of a symmetry-induced degeneracy at the W point between the 
second and the third bands and a crossing of band lines at the U point (Leung and Liu, 
1990a; Ho et al., 1990). As a result, it seems that the fcc structure isn’t suitable to 
create PBG. Therefore, scientists turned their focus on other crystal structures.    
In 1990, Ho et al. reported a remedy solution to solve the symmetry problem of 
fcc structure by using a model with diamond structure, which is precisely the same 
atom lattice structure of the silicon (Ho et al., 1990). The authors observed that when 
high dielectric-constant spheres were arranged into a diamond structure, a full PBG 
between the second and the third bands was observed. In addition, the maximum gap 
to midgap ratio (∆ω/ ωg) of 28.8% can be obtained at filling ratio of 81% when the air 
spheres lattice was used. Basing on this theoretical calculation, Yablonovitch 
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fabricated the first successful photonic band gap crystal in 1991 using a variant of 
diamond structure, which is called yablonovite now (Yablonovitch et al., 1991). A 
subsequent study (Li et al., 1998) confirmed the conclusion of Ho and co-workers. In 
the research of Li et al., the spherical building blocks of the diamond lattice were 
replaced with dimeric units, which consisted of two interconnected dielectric spheres, 
and obtained a complete bandgap.  
In 1992, discarded fcc structures came back to the attentions of scientists. 
Sözüer and Haus (1992) addressed the limitations of the plane-wave model in their 
paper and a Gaussian sphere model was proposed. By calculating with the Gaussian 
sphere model, they confirmed the results of Ho et al. (1990) that diamond structure 
could create full band gap. In addition, a complete bandgap for air-sphere-embedded 
fcc structure between the 8th and 9th bands was obtained. Furthermore, they also 
studied the hexagonal hcp structure and found that a complete gap of 2.8% between the 
16th and 17th band. The study of Busch and John (1998) further confirmed work of 
Sözüer and Haus (1992) that fcc structures could process the complete bandgap by 
using a plane wave expansion (PWE) method. Although in the fcc structure the RI 
contrast had to be greater than 5.8 according to the Gaussian sphere model, the 
discovery attracted research attention back to the fcc structure.  
2.2 Modeling and simulation 
Modeling of PCs provides a precise description and prediction of the behaviors 
of photons in PCs, offering a useful and complementary tool to experimental 
observations. Many computational simulation techniques employed for modeling 
electrons in solid-state semiconductors have been applied to investigate the properties 
of photons in PCs. Different from electrons in solids that have strong interactions, 
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photons do not affect each other. These methods include the plane-wave (PW) method 
(Economou E. N. and Zdetsis, 1989; Ho et al., 1990; Satpathy et al., 1990; Leung and 
Liu, 1990a; Johnson and Joannopoulos, 2001), the Korringa-Kohn-Rostoker (KKR) 
method (John and Rangarajan, 1988; Leung and Qiu, 1993), the finite difference 
method (Chan et al., 1995; Ward and Pendry, 1996; Qiu and He, 8268), the transfer 
matrix method (Pendry and MacKinnon, 1992) and many others. Among these 
techniques, PWE method is the most commonly used one, which is briefed below.  
In a PC the dielectric constant ε(r) is position-dependent. Thus the propagation 
of EM waves in the material can be expressed using the Maxwell equations:  







    






rr ε        (2.2) 
                     
where Ηr and Εr  are the electric and magnetic fields, respectively. ε(r) is the dielectric 
function of the PC and c is the velocity of EM wave.  
By expanding the fields into a set of harmonic modes with a complex 
exponential, Equation (2.3) and the constraint conditions, Equation (2.4):  
  tiertr ω)(),( Η=Η rr    tiertr ω)(),( Ε=Ε rr   (2.3) 
 
0)( =Η⋅∇ rr       (2.4) 
 










     (2.6) 
Equations (2.5) and (2.6) are very important because they establish the relationship 
between )(rΕr  and )(rΗr . Solving these two equations by eliminating )(rΕr to obtain an 
equation entirely in )(rΗr : 
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⎡ Η×∇×∇ rr ωε
1                       (2.7) 
 
This is the master equation. By solving it one can obtain the allowed mode 
frequencies for a given crystal structure and the wave vector k associated with the 
mode, which means one can determine the band structure.  
In plane wave expansion (PWE) method, Bloch’s theorem is used to expand the 











λλ     (2.8) 
 
where Κr is a wave vector in the Brillouin Zone of the lattice, Gr is a reciprocal-lattice 
vector, and ê1,ê2 are unit vectors perpendicular to Κr + Gr because of the transverse 
nature of Ηr (i.e., 0=Η⋅∇ r ). By substituted Equation (2.8) into (2.7), we can obtain 











∑ r     (2.9) 
where 
GGGG














  (2.10) 
 
and ε GG ′, = є )( GG
rr ′− is the Fourier transform of ε(r). And then Equation (2.10) can be 
solved using standard matrix-diagonalization method (Ho et al., 1990).  
2.3 Fabrication of PBG materials 
The unique properties of the PCs enable them to be the “semiconductors” of 
photons. Promoting by the promising future of the PCs, scientists made great efforts on 
the fabrication of these kinds of materials. PCs are structures with periodically 
arranged dielectric constant. The crystal structure and the dielectric constant contrast 
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are the only two parameters that determine the creation of the band gaps. Thus, PC is 
scalable and can be designed to produce band gap in different wave region. For 
example, the same crystal structure can work in wave regions of microwave, optical 
range and X-rays by simply changing its lattice constants to scales of centimeters, 
micrometers and angstroms. Therefore, the fabrication of 3D PCs is simplified to two 
steps: finding the workable crystal structure and scaling it down to microscale. 
However, both these two objects are proved very complex and difficult. Though 
through theoretical simulation, fcc and diamond structures were found that could 
process the full band gap, how to realize these structures in bulk semiconductor is 
problematic, say nothing of decreasing the scale to micron range. There are two main 
categories for fabricating of PCs. The first one is the top-down strategy in which the 
bulk semiconductor is caved directly. The second one is bottom-up approach in which 
the PCs are fabricated in the same way as building a house.  
2.3.1 The “top-down” approaches to 3D photonic crystals 
In the 3D PCs, fcc and diamond crystals are the two main kinds of structures 
which were predicted to have full band gap (Ho et al., 1990; Sözüer and Haus 1992). 
Thus, the fabrication of PCs was mainly carried out based on these two structures. The 
first 3D bandgap structure was put forward by Ho et al. (1990) as shown in Figure 
2.3A. It can be seen that this crystal was fabricated by arranging spheres (dielectric or 
air sphere) into diamond array. Complete gaps were found in both types of structures. 
When the spheres are dielectric spheres with RI of 3.6 and the background is air, a 
maximum 15% gap can be obtained with a dielectric volume fraction 37%. And if 
exchanging the RIs of the spheres and background, the gap is 29% at the air volume 
fraction of 81%. However, such a structure is not easy to realize in experiment because 
it is a non-close packed structure. Until 2002, twelve years later, the corresponding 
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structure was fabricated by García-Santamaría et al. (García-Santamaría et al, 2002) by 
means of nanorobotic manipulation of microspheres. In their fabrication process, the 
latex and silica nanospheres were arranged into body-centered cubic (bcc) structure 
and then the latex spheres were selectively removed with plasma etching. As a result, 
the non-closed packed diamond structure was obtained. And García-Santamaría et al. 
(2001) predicted that the silicon inverse structure templated from this diamond 
structure had a complete band gap of 12%.  
 
Figure 2.3 (A) PC model with diamond structure (Maldovan and Thomas, 2004) 
and (B) Diamond array of silicon spheres (García-Santamaría et al, 2002).  
 
The fcc structures was another center of the research of PCs (Sözüer and Haus 
1992). In 1991, Yablonovitch et al. fabricated the first successful photonic band gap 
crystal, namely yablonovite, which had a fcc structures. This structure was formed by 
drilling holes at a slab of semiconductor with 35.26o off normal incidence and 120o on 
the azimuth (Yablonovitch et al., 1991) (See Figure 2.4A). It was found this crystal 
had band gap at the region of microwave and could get a largest full band gap when 
the air volume was 22%.  
5 um 
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Figure 2.4 (A) Schematic illustration of the fabrication of yablonovite 
(Yablonovitch et al., 1991) and (B) SEM of the 6.2 µm PMMA yablonovite 
fabricated using X-ray beam (Cuisin et al., 2002).  
 
However, most of these structures can only form bandgaps in the microwave 
region, which are limited by the fabrication technique micromachining. Thus, new 
fabrication techniques are required to decrease the scale of the PC. Cuisin et al. and 
Chelnokov et al. fabricated yablonovite of PMMA and silicon by using X-ray beam 
and focused-ion-beam etching respectively (Cuisin et al., 2002; Chelnokov et al., 
2000). The experimental result of Cuisin et al. is shown in Figure 2.4B. These crystals 
have the band gaps between 2-3 µm, which felt in the region of near-infrared. When e-
beam and chemical-assisted ion-beam etching were combined, the yablonovite crystals 
with band gap at optical region were obtained (Cheng and Scherer., 1995; Cheng et al. 
1996). Similar to the yablonovite crystal, a crystal with layered structure was designed 
by Johnson and Joannopoulos (2000). It was found the crystal could produce full band 
gap of 21%. In the research of Qi et al (2002), they applied an assembly-tilting 
technique in X-ray lithography and provided a feasible strategy to decrease the scale of 
the structure. And the same crystal structure as that of Johnson and Joannopoulos 
B
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(2000) with band gap at optical region was obtained in 2004 (Qi et al., 2004). The 
schematic illustration of the PC structure is shown in Figure 2.5A. Shown in Figure 
2.5B is the SEM image of surface morphology of the PC and it can be seen that the 
holes arranged into a fcc array.   
 
Figure 2.5 (A) Schematic illustration of the 3D PC and (B) The SEM image of 
the hexagonal array of the holes. The circles labeled with A, B, and C are the 
holes in the one to three layers (Qi et al., 2004).  
 
Woodpile structures are another kind of 3D PCs which have proved processing 
full band gap. The structure of this kind of PCs is shown in Figure 2.6A and the SEM 
images of the side and top view are shown in Figure 2.6B and C. These woodpile 
structures were first proposed by Ozbay et al. and Ho et al. (Özbay et al., 1994a; 
Özbay et al., 1994b; Özbay et al., 1995; Ho et al, 1994). At the early stage, these PCs 
were fabricated with layer-by-layer stacking of dielectric rods and they normally had 
band gap only in the microwave region. Then various techniques were developed to 
fabricate the woodpile PCs with band gap at optical region, such as wafer-bonding and 
selective etching (Noda et al, 1996), Wafer fusion and alignment (Noda et al., 1999; 
Noda et al., 2000a), and vapor deposition and direct holographic writing (Feigel et al, 
2000). Besides the dielectric rods, the metallic rods were also packed into woodpile 
structures (See Figure 2.6D) and had a band gap in the infrared region. By uniting the 
BA 
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integrated circuit processing technique with micromanipulation, the woodpile PCs with 
or without defects, were integrated at predetermined positions on a chip (Aoki et al., 
2003). This technique offers great potential for the production of optical wavelength 
photonic devices.  
                
                
Figure 2.6 (A) Schematic illustration of one unit of woodpile-structure 3D PC 
(Noda et al., 2000a). (B) and (C) the side and top view of the woodpile-structure 
3D PC (Lin and Fleming, 1999) and (D) SEM images of the metallic woodpile 
structure PCs (Fleming et al, 2002).  
 
Holographic lithography is a technique developed recently, by which the 
structures are caved by using the interfering beams. When four beams were used, a 3D 
periodic lattice can be obtained as illustrated in Figure 2.7A (Campbell et al., 2000; 
Sharp et al., 2002). The period of the structure and its symmetry are dictated by the 
laser wavelength, the relative phases and the incidence directions of the interfering 
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beams while the shape of the repeated feature in the lattice results from the beams’ 
polarizations. Although this technique can produce complex 3D structure, it can only 
apply to photosensitive polymers, whose low RIs limit their application as PCs.  
 
 
Figure 2.7 (A) Beam geometry for an fcc interference pattern. (B) SEM image of 
polymer PC generated by holographic lithography (Campbell et al., 2000).  
 
Besides the PCs mentioned above, there are also many other kinds of PCs, such 
as square spiral PCs (Toader and John, 2001), block copolymer PCs (Fink et al., 1999), 
and twist multilayer PCs (Kawakami et al., 1999; Kuramochi et al., 2002). All these 
developments in the fabrication of PCs are making ways steadily to the dream of the 
all-optical devices.   
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2.3.2 The “bottom-up” approaches to 3D photonic crystals 
Although the “top-down” approach has been successful in making PCs with 
PBG in the region from microwave to visible wavelength, it still has some problems. 
The techniques involved in the “top-down” approach are normally complex and time 
consuming, which limits the mass production of PCs. In addition, the “top-down” 
methods are expensive due to the devices and techniques. By contrast, self-assembly 
approaches have recently been explored and demonstrated as a simple and inexpensive 
route to fabricate 3D PCs (Stein, 2003; López, 2003).  
The phenomenon of self-assembly have been observed in nature for a long time. 
For example, self-assembly of silica leads to the formation of gemstone opal (Sanders, 
1964). The crystallization processes of artificial colloids have been well documented in 
the literature (Tarhan and Watson, 1995; Tarhan and Watson, 1996; Pradhan et al., 
1996; Pradhan et al., 1997). By controlling the colloid properties such as crystalline 
lattice and dielectric contrast, the colloidal particles can be fabricated to produce 
bandgap in the infrared, near infrared and visible wave scales. Unfortunately, these 
structures never form a complete PBG. Further development on the basis of the self-
assembly colloids (or artificial opal) has generated a new structure, an inverse opal 
structure. According to the early work of Sözüer and Haus (1992), the inverse opal has 
potential to open a complete bandgap between the 8th and 9th bands. This has 
stimulated a world-wide resonance in self-assembly approaches to 3D PCs. In this 
inverse opal the air pores, which are the sites of the original colloidal spheres, are 
arranged in face-centered cubic (fcc) structure. In addition, because the air has a low 
RI of 1.0, a relative larger RI contrast can be obtained easily by using high RI 
materials as framework.  
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The self-assembly approach of fabricating PCs are schematically demonstrated 
in Figure 2.8. First, through a self-assembly strategy, monodisperse polymer or silica 
colloidal microspheres are organized into 3D arrays, namely artificial opal. The opal is 
then annealed to improve the stability of the crystal structure because of the formation 
of necks between the adjacent spheres. Second, the annealed opal (template) 
containing voids are infiltrated with a material of high RI such as Silicon (Blanco et al., 
2000; Vlasov et al., 2001). Third, the template spheres are removed with wet etching 
or calcination and an inverse opal are obtained, i.e. 3D periodical structure. From the 
self-assembly approaches, a number of 3D structures with alternating regions of 
different RIs such as semiconductors (Vlasov et al., 1999; Vlasov et al., 2001; Blanco 
et al., 2000; Míguez et al., 2000; Míguez et al., 2001a; Braun et al., 2001), metals 
(Jiang et al., 1999b; Holland et al., 1998; Holland et al., 1998; Yan et al., 1999; Yan et 
al., 1999; Tessier et al, 2001; Wijnhoven et al., 2000), metal oxide (Ni et al., 2001; 
Gate and Xia, 2001; Subramanian et al., 1999; Subramanian et al., 2001, Meng et al., 
2000; Gu et al, 2001; Wijnhoven and Vos, 1998; Wijnhoven et al., 2001; Holland et al., 
1998; Holland et al., 1999; Velev et al., 1997), polymers (Park and Xia, 1998; Jiang et 
al, 199c; Míguez et al., 2001b; Deutsch et al., 2000), and Carbon (Zakhidov et al., 
1998; Perpall et al., 2003) etc. have been fabricated and the presence of PBGs in the 
structures has been observed. The most excellent examples are the study of Blanc et al. 
and Norris et al. (Blanc et al., 2000; Norris et al., 2001) where silicon (Si) PCs were 
fabricated by using the self-assembly method and complete bandgap between the 8th 
and 9th bands in the wavelength region of about 1.3-1.5 µm was observed (See Figure 
2.9). 
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Figure 2.8 Schematic representation of self-assembly approach to 3D PCs, 
together with SEM images of representative experimental results of each step. 
 
(A) Colloidal spheres 
(B) Self-assembled  
      colloidal crystal 
(C) Infiltrated opal 
(D) Inverse opal 
Model SEM image 
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Figure 2.9 (A) SEM image of the Silicon PC and (B) Experimental reflection spectra 
for Si PCs measured normal to the (111) and (100) plane separately (Vlasov et al., 
2001).  
 
2.3.2.1 Colloidal spheres 
Colloidal microspheres of uniform size are the building blocks of the colloidal 
crystals and microspheres with various surface properties are commercially available 
(Xia et al., 2000). Polymer and silica colloids are the most frequently used spheres, 
which can be synthesized in laboratory (Shim et al., 1999; Stöber et al., 1968). Both of 
A
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these two kinds of colloids can be dispersed in water or ethanol steadily and be easily 
etched, which are preferred in opal fabrication and template removing process. Silica 
spheres are chemical and thermal stable, thus it will be a better choice than polymer 
spheres for certain infiltration technique, such as chemical vapor deposition (CVD) 
(Blanc et al., 2000; Norris et al., 2001). Polymer spheres have a low density, thus their 
high surface charge to density ratio makes them behave very well in crystallization 
process. As a result, the colloids should be selected according the fabrication method.  
The pioneering work of Stöber and co-workers (Stöber et al., 1968), preparing 
monodisperse silica microspheres through the reaction of silicon alkoxide in the 
present of ammonia solution, has been demonstrated to be the simplest and most 
effective method. By adjusting the synthesis parameters, such as concentration of 
silicon alkoxide and catalyst, temperature and adding velocity of silicon alkoxide 
solution, spherical silica colloids with a wide range of size can be synthesized (Stöber 
et al., 1968; Zhang et al., 2003; Nozawa et al., 2005; Wang et al., 2003). In addition, 
by using copolymerization process, the silicas of various surface functions have been 
obtained (Philipse and Vrjj, 1989). For the as-synthesized silica spheres there still have 
a considerable amount of water and ethanol. Under high temperature, such as silicon 
infiltration process with CVD, the water and ethanol are removed and the silica 
spheres shrink and densify, which leads to the creation of cracks. Thus, annealing the 
silica spheres before packing will be a good choice (Chabanov et al., 2004).    
Polymer latexes are another family of template having been widely used. The 
synthesis of polymer spheres has been studied thoroughly and many techniques have 
been developed, such as emulsion polymerization, dispersion polymerization and 
suspension polymerization (Piirma, 1982; Zuo et al., 1992; Shim et al., 1999). With 
these methods mono-disperse polymer spheres with diameter from nanometer to 
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micrometer can be obtainable. Styrene and methyl methacrylate (MMA) are the mainly 
used monomer and their spheres are often synthesized by the emulsion polymerization 
method (Yan et al., 2001). In addition, to facility the self-assembly process, various 
functional groups, such as carboxyl and hydroxyl group, can be grafted on the surface 
of the polymer spheres using the copolymerization process (Chen et al., 2002; Cardoso 
et al., 1998).  
Many methods have been developed to induce the formation of artificial opal. 
Irrespective of what methods are used, preparation of a suitable suspension of colloidal 
particles is a prerequisite. The suspension must meet the following requirements: (1) 
stability; (2) mono-distribution of the colloids without any aggregates, and (3) an 
easily removable solvent. Stability of the suspension is of importance, especially when 
evaporation and sedimentation techniques are used for self-assembly because the 
suspension is generally left alone for days to months (Jiang et al., 1999a; Míguez et al., 
1997). Mono-dispersion of the colloids ensures the opal structure to be highly ordered 
without the presence of defects. Previous studies (Li et al., 2001; Holland et al., 1999) 
have showed that polydispersity could destroy the ordered structure eventually. A 
removable solvent allows one to readily obtain a bare artificial opal, which facilities 
the further infiltration process.  
2.3.2.2 Self-assembly of colloidal spheres 
Through self-assembly, colloidal microspheres can spontaneously arrange 
themselves into an ordered array, namely artificial opal. The properties of the artificial 
opal have a drastic impact on the photonic properties of the inverse opal. Li et al. 
(2001) studied the effect of disorder in PCs on the optical properties. It was concluded 
that the bandgap is highly sensitive to the geometrical disorder. A disorder strength of 
even less than 2% of the lattice constant, inducing by the size or packing disorder, will 
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destroy the bandgap completely. Thus, fabrication of defect-free artificial opal is a very 
challenging work. Over the past few years, a couple of methods that allow one to 
obtain colloidal crystals have been reported (Birner et al., 2001; Stein, 2003; López, 
2003). They are briefed below.     
The sedimentation method. Sedimentation is a self-assembly process during 
which colloidal microspheres dispersed in a solvent precipitate down to the bottom of a 
holding vessel to form closely packed structure due to gravitation and non-covalent 
interactions (Míguez et al., 1997; Mayoral et al., 1997) (See Figure 2.10).  
  
Figure 2.10 Schematic illustration of sedimentation method. 
 
Thermodynamically, atoms or molecules tend to adopt the structure with the 
lowest Gibbs free energy. Self-assembly of spheres tends to form closely packed 
crystalline structures, such as fcc and hcp lattices. It has been demonstrated that the fcc 
structure has a slightly lower Gibbs free energy than the hcp structure with a difference 
of about 0.005 RT (Woodcock, 1997a; Woodcock, 1997b). Because this difference is 
so small that the structure obtained from sedimentation is normally a mixture of 
different crystalline phases. However, careful control over particle sedimentation 
velocity can allow one to obtain a single crystalline phase. To control the 
sedimentation velocity, two methods were applied. One is to use a proper solvent. 
Although both silica and polymer spheres can disperse in water, water is sometimes 
not a suitable solvent for sedimentation. For small particles, ethanol, which has a lower 
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density and viscosity than water, has been found to be a good solvent. With large 
particles, a mixture of water and ethyl glycol or ethanol is a good choice (Blanco et al, 
2000; Velev et al.; 2000; Stachowiak et al., 2005). The other method is to use extra 
forces. The surface charge of the colloidal spheres can respond to a macroscopical 
electric field, thus the velocity of the sedimentation can be controlled by using an 
electric field parallel to gravity direction (Holgado et al., 1999; Rogach et al., 2000).  
Centrifugation was another often used method (Holland et al., 1999; Yan et al., 
2000). As in this method the centrifugal acceleration was utilized to increase the 
deposition velocity of the colloidal spheres, it can be taken as an accelerated 
sedimentation method. Although using this method the colloidal crystals can be 
obtained quickly, single crystals are hard to obtain. In addition, the result samples are 
normally in powder state, thus the crystal planes are hard to distinguish, which prevent 
the precisely characterization of the optical properties.  
Although sedimentation is relatively simple and widely used, it is very time-
consuming and delicate. The whole process can take weeks to months depending upon 
the size of spheres because sedimentation is a close-to-equilibrium process. In addition, 
any disturbance will result in the formation of a mixture of colloidal crystal phases or 
destroy the formation of a colloidal crystal.  
The confined cell method. Filtrating the suspension of colloidal sphere the 
assembly speed of colloids can be dramatically enhanced (See Figure 2.11) and form 
colloidal crystals on the membrane. For example, in Velev’s group (Velev et al., 1997), 
a suspension of PS spheres (size ranging from 200 to 1000 nm) was filtered slowly 
through a smooth narrow-pore membrane. The particles accumulated on the membrane 
surface. The increased concentration led the suspension be apt to form crystal 
structures. The products were closely packed, ordered layers with thickness up to 10-
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μm. Apart from the advantage of high speed, the crystalline layers can be easily treated 
with different liquid media such as solution of nanoparticles. Recently, the method was 
also used to prepare porous membranes (Yan and Goedel, 2004). However, this 
method cannot produce highly quality colloidal crystals with a controllable surface 
morphology and thickness because the flow pressure breaks equilibrium.  
 
Figure 2.11 Schematic representation of filtration method for self-assembly.  
 
Xia et al. (Park and Xia, 1998; Xia et al., 1999; Gate et al, 1999) designed a 
simple device to fabricate artificial opal. As schematically illustrated in Figure 2.12, a 
photoresist frame was sandwiched into two glass plates to form a cell. A hole in the 
upper plate connecting with a tube and channels were opened at the bottom of the 
photoresist frame. During the experiments, suspension of colloidal spheres was 
injected in from the tube and nitrogen was filled in simultaneously. Because of the 
pressure of nitrogen, the flow (solvent) was forced to go through the channels. Thus 
the spheres within the flow accumulated at the bottom of the cell to assemble into a 
closed packed crystalline lattice. In this method the number of the layers was 
controllable because it is solely determined by the distance between the two substrates 
and the diameter of the spheres.  
Chapter 2. Literature Review 
36 
      
Figure 2.12 A scheme showing the device by designed by Xia’s group (Park and 
Xia, 1998; Xia et al., 1999) (A) top view, (B) side view. 
 
The solvent evaporation method. It has long been noticed that colloidal 
particles can assemble into 2D ordered structures when the top of the particle protrudes 
into thin liquid films (Nagayama, 1996; Kralchevsky and Nagayama, 1994). This 
observation has been further developed and has become the foundation of solvent 
evaporation method.  
Evaporation-induced particle packing can be explained by surface tension and 
capillary forces. Two adjacent spherical particles of similar size may interact with each 
other when they are partially immersed in a liquid layer on a substrate. The liquid 
meniscus between the particles, which is due to surface tension, plays a significant role. 
Because of the presence of the meniscus, strong capillary force is generated 
(Nagayama, 1996). The immersion forces can be either attractive or repulsive (see 
Figure 2.13A). It has been demonstrated by Kralchevsky et al. (Kralchevsky et al., 
1993; Paunov et al., 1993) that the type of immersion forces is determined by the 
meniscus slope angles ψ – when sinψ1sinψ2 > 0, the capillary force is attractive, and 
when sinψ1sinψ2 < 0, the capillary force is repulsive. Many research groups have used 
A B
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solvent evaporation method to organize colloidal microspheres into 2D hexagonal 
arrays (Denkov et al., 1993; Micheletto et al., 1995).  
 
 
Figure 2.13 Schemes showing self-assembly of colloidal spheres into 2D order 
arrays: (A) the formation of capillary forces: sinψ1sinψ2 > 0, attractive forces; 
sinψ1sinψ2 <0, repulsive forces (Nagayama, 1996), and (B) the mechanism of 
forming 2D arrays. 
 
In general, a suspension of colloid spheres is spread over the surface of a solid 
substrate and the solvent evaporates slowly under a controlled condition. When the 
thickness of solvent is equal to the diameter of the particle, the capillary force due to 
the liquid meniscus among spheres induced the self-organization (See Figure 2.13B). 
However, formation of crystal structures on the horizontal substrate was not often used 
because by this method the crystals were normally thin and had non-uniform thickness 
(Denkov et al., 1993; Subramania et al., 2001). To solve these problems, Fudouzi 
(2004) improved this method. In his method, the substrate was placed in a clock dish 
and silicon liquid was covered on the substrate. The existence of the silicon liquid in 
the clock dish decreased the evaporation rate of the solvent at the corner of the 
substrate, thus the result colloidal crystals had a uniform thickness.  Recently, this 
method was studied extensively by Yan et al. (2005). By controlling the volume and 
the concentration of the colloidal suspension, the thickness of the colloidal films can 
A 
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be varied. It was found that rough-surface substrate could also be used to fabricate 
ordered structures. Furthermore, heterostructural multilayer of silica and PS spheres 
was obtained using this method.   
Dimitrov and Nagayama (1996) studied the formation of 2D arrays on the 
surface of a vertical substrate by using Langmuir-Blodgett (LB) technique. Then this 
method was further improved by Jiang et al. (1999a). The illustrations of the 
experimental setup and crystal formation mechanism are shown Figure 2.14. In their 
method, the substrate was vertically placed in a colloidal suspension. With the 
evaporation of the solvent, a meniscus between the substrate and the colloidal solution 
swept slowly across the surface of the substrate. Strong capillary forces induced 
crystallization of spheres into ordered arrays on the substrate. Repeating the process 
and varying the concentration and the evaporation rate allowed the precise control of 
the number of the layers. This method, in which the deposition direction is 
perpendicular to the substrate, is called vertical deposition (VD) method. Jiang et al. 
(2001b) also fabricated multiplayer 3D structures with spheres of different sizes. 
Unfortunately, the method is only effective for small spherical particles with size less 
than 700 nm because larger spheres deposit to the bottom too fast. For the self-
assembly of larger spheres (say larger than ~ 0.8 μm), other techniques have to be 
coupled with solvent evaporation method such as introduction of temperature gradient 
(Cheng et al., 1999; Vlasov et al., 2001), convection flow (Wong et al., 2003) or base 
concentration gradient (Yamanaka et al., 2004). In addition, in VD method, the 
concentration of a colloidal suspension increases during the course of solvent 
evaporation, resulting in variable thickness of the resultant colloidal array over a large 
area because the number of layers of the array is related with the concentration of the 
colloidal suspension.  
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Figure 2.14 Schematic illustrations of (A) experimental setup and (B) crystal 
formation mechanism of VD (Dimitrov and Nagayama 1996). 
 
To solve these problems, Gu et al. (2002) used a computer controlled motor to 
draw the substrate out of the colloidal suspension, by which the concentration gradient 
problem was solved. A flow-controlled vertical deposition (FCVD) was developed by 
Zhou and Zhao (2004), in which a peristaltic pump is used to control the flow rate of a 
colloidal suspension (See Figure 2.15). Because using pump instead of solvent 
evaporation controlled the decrease of the liquid level, concentration gradient of the 
suspension is substantially avoided. So using this method crystalline lattice in a large 
domain with a uniform thickness could be fabricated. In addition, large colloidal 








Figure 2.15 Equipment illustration of FCVD method (Zhou and Zhao, 2004). 
 
Recently, some new theories were put forward about the formation mechanism 
of the VD method. Shown in Figure 2.16 is the illustration of two theories developed 
by Fustin et al. (2004) and Norris et al. (2004). In Figure 2.16A it was found that the 
cross section at A0 was larger than that of A1, which was the evaporation front. 
Therefore, when suspension flowed from A1 to A0, a funnel effect took place, which led 
to the increase of the concentration and a preordering process. Norris et al. (2004) 
explained the construction of the fcc crystals from the point of view of solvent flow. 
As shown in Figure 2.16B, there are two kinds of niches, the clean niches and 
obstructed niches. Through simulation it was found that the flow into the clear niches 
is 33% higher than that into the obstructed niches. As a result, the spheres of the third 
layer prefer to deposit on the clear niches, which will lead to the fcc structure. In 
addition, moving from clear niche to obstructed niche, the sphere has to climb an 
intervening sphere, whereas moving from obstructed niche to clear one, it only need 
move through a short “valley” between two spheres. Thus, under certain flow 
conditions, clear niches can be favored due to the lateral flow.   
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Figure 2.16 The illustrations of (A) Funnel effect (Fustin et al., 2004) and (B) 
theory of niches and solvent flow (Norris et al., 2004).  
 
Th electrohydrodynamic deposition method. When an electrical field is 
applied to a colloidal suspension, the colloids particles will assemble together to form 
stable, 2D arrays due to lateral attraction, which was first observed by Richetti et al. 
(1984). As schematically shown in Figure 2.17 (where RE is the motion rate of 
deposition, which is dependent on the particle charge and the electric field; RL is the 
motion rate of lateral attraction, which is dependent on the current density passing 
through the particle layers), a colloidal suspension is placed in the electrical field. The 
electrodynamic force leads to the electrophoresis of the suspension and the electrical 
current through the suspension accumulates ions on the electrode, which results in a 
A 
B 
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pressure gradient on fluid to force the colloids to deposit on the electrode, forming a 
crystalline lattice. To obtain multilayers of colloidal particles, RE should be less than or 
equal to RL. Using this method, Trau et al. (1996) fabricated ordered layers of both 
silica spheres (0.9 μm in diameter) and PS spheres (2 μm in diameter).  
     
 
 
Figure 2.17 Schematic illustration of electrohydrodynamic method (Trau et al., 
1996). 
 
Like other techniques, the electrohydrodynamic method has its own drawbacks: 
(1) the packing density is normally less than 50% because of the repulsive electrostatic 
forces among particles, (2) only a few layers of spheres can be formed, and (3) the 
facility used is relatively complicated and costly.  
The emulsion assembly method. Artificial opal can also be made with the aid 
of emulsion droplets (Velev et al., 1996a; Velev et al., 1996b; Velev and Nagayama, 
1997). The emulsion droplets act as cells for self-assembly of colloidal spheres. An 
ordered structure is formed on the surface or inside the droplets. The whole process 
can be briefed as follows. First, colloidal particles in a suspension are hydrophobized 
by treating with surfactant, such as sodium dodecyl sulfate. Second, the particles are 
mixed with an oil/water emulsion. Because of the surface hydrophobicity, the colloidal 
particles can easily adsorb in the bulk of the emulsion droplets. Third, a stabilizer is 
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subsequently added to protect the oil droplets against coalescence and prevent the latex 
balls from coagulation. Finally, the oil droplets are removed and particle balls with an 
ordered structure are formed. Recently, emulsion template method has been further 
improved and highly ordered structures were prepared (Velev et al., 2000; Yi et al., 
2001). The problem of this method is the small size of the sample.  
The float packing method. In the self-assembly approaches discussed so far, 
the artificial opals are normally formed on the substrate. However, during the drying 
the colloidal crystal will shrink and the substrate constrains such tendency, thus the 
creation of cracks cannot be avoided. Recently, a smart idea was put forward, in which 
the colloidal crystals were fabricated on the liquid surface. Mercury and gallium were 
first used because of their high density and surface tension (Griesebock et al., 2002). 
However, gallium is expensive and mercury is toxic, which limit the popularization of 
this method. Soon, water was also found to be a suitable solvent for float packing 
method (Zeng et al., 2002; Im et al., 2002a; Im et al., 2002b; Im et al., 2003). The 
illustration of the assembly process on water surface is shown in Figure 2.18. In this 
method, the suspension of PS spheres is simply heated in oven. As the evaporation of 
the water, the PS spheres protrude from the water surface. And with the effect of 
attractive capillary force they assemble into ordered regions. Because the effective 
density of the assembled particles (0.63 g/cm3) is smaller than the density of water, 
they will float on the water surface. Then a second layer will form under the first layer 
with the same mechanism. By repeating this process, multilayer PC forms. By 
changing the volume fraction, temperature (Im et al., 2002b) and even the tilt degree of 
the substrate (Im et al., 2003), number of layers can be controlled. However, due to the 
constraint of the density, only polymer spheres can be used in this method. 
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Figure 2.18 Schematic illustration of self-ordering of PS spheres on water 
surface (Im et al., 2002a).  
 
The templating fabrication method. In the application for optical devices, the 
dimension, the shape and the orientation of the PCs must be controlled precisely. 
Cutting from the bulk PCs is an almost impossible task because of the small scale of 
the lattice constants. Thus fabricating the colloidal crystals of certain shape directly is 
a practicable method. To realize this object, moulds of micro-scale are needed to 
confine the growth of the crystal growth, which can be used as substrate (Van 
Blaaderen et al., 1997; Fustin et al., 2004; Yin and Xia, 2002) or cover (Yang et al., 
1998). Normally, lithography was used to form moulds and according to the structures 
of the moulds various structure can be obtained, such as spheres of monomer and 
dimmer (Yin and Xia, 2001), pyramids (Yin and Xia, 2002), V-shape films, 
rectangular films and square films (Yang et al., 2000; Yin et al., 2001). In addition, by 
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using tube and macroporous materials, interesting structures of colloidal cylinder and 
ball were obtained (Moon et al., 2004; Yi et al., 2002).  
When the colloidal crystals formed on the substrate, they normally have the 
(111) planes parallel to the surface of the substrate. This is because the layer, which is 
in contact with the substrate, tends to be the most compact structure, hexagonal 
structure. In certain requirement, such as measuring the optical properties, planes other 
than (111) are needed to be fabricated. This is a critical issue and was recently 
addressed by patterning the surface of the substrate with an ordered structure (Yin and 
Xia, 2001; Yin and Xia, 2002). In these studies, the Si wafers were etched with square 
pyramidal pits, and then used as a substrate for the fabrication of fcc opal. With this 
method, fcc structure with plane (100) parallel to substrate has been obtained (Yin and 
Xia, 2002).   
2.3.2.3 Processing of artificial opal  
The 3D ordered arrays obtained by self-assembly are mechanically unstable 
because there is only Van der Waals force among the spheres. Subsequent infiltration 
would easily destroy the ordered arrays. Therefore, the artificial opals need further 
processing. Annealing of the artificial opal is one strategy that can increase the 
mechanism strength. During the annealing process, a phenomenon of blue-shift was 
observed on both PS and silica colloidal crystals (Míguez et al., 1998; Gates et al., 
2000). In the as-synthesized colloidal crystals, there is a considerable amount of water, 
about 9% for silica colloidal crystals (Míguez et al., 1998). The water surrounds the 
surface of the spheres as a double layer to prevent the closed contact of the spheres 
(Gates et al., 2000). During the annealing process, the water was removed and the 
distance between the neighboring spheres decreases, which leads to the decrease of the 
lattice constant. With further increase of the temperature, higher than the glass 
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transition temperature (Tg) for polymer spheres (Gates et al., 2000) and between 700 
and 950 oC for silica spheres (Míguez et al., 1998), the interconnections between the 
spheres are formed, which are due to the slight melting of the sphere surfaces. These 
necks provide the opal with necessary mechanical stability as well as transport 
channels for the removal of the spheres after infiltration. At the same time, the filling 
fraction of the spheres increases. This offers a feasible way to control the optical 
properties of synthetic opal in a wide frequency range of visible light. Besides the 
blue-shift effect, it was also found that annealing can improve the quality of the 
colloidal crystals (Kuai et al., 2002; Pronk and Frenkel, 1999). However, this result 
was inconsistent with that of Chabanov et al. (2004). Further experiments are needed 
to carry out to clarify this problem. 
Another method which can form necks among spheres was developed by 
Míguez et al. (2002a). In this method, a thin silica layer was grown on the surface of 
the silica spheres of the colloidal crystal by using CVD. Compared with the annealing 
method, it has no negative effects on the quality of the colloidal crystals because the 
CVD was carried out at room temperature. In addition, the lattice constant of the 
crystal wasn’t changed. However, due to the increase of the filling fraction of the silica, 
the peak of the reflectance spectrum was red-shifted.   
2.3.2.4 Infiltration of the colloidal crystals 
After the artificial opal is fabricated, the next step is to infiltrate the interstices 
among the spheres with a material of high RI. Because incomplete infiltration may 
lead to the collapse of the inverse opal structure, complete and uniform infiltration is 
thus important. Towards this goal, many infiltration techniques have been developed 
and they are introduced below.  
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The soaking method. Soaking is an effective and simple means to infiltrate 
materials into artificial opal. The voids are filled with a desired material by capillary 
force. Because soaking is conducted in a liquid phase, a proper solution or suspension 
containing the infiltration material has to be available. This largely limits its 
application. There are mainly two soaking ways. One is to infiltrate the synthetic opal 
with a precursor followed by further reactions (e.g. polymerization, carbonization, 
hydrolysis, etc.) to obtain a desired material. This is termed precursor infiltration. The 
other one is to infiltrate the opal directly with metal or semiconductor nanoparticles, 
which is called nanoparticles infiltration.  
Monomers are perfect precursor as they can be easily cured to a solid material. 
In addition, their elasticity is a great advantage in practical applications. Before 
infiltration, a monomer is dispersed in a solvent. After soaking, it can be solidified 
easily with thermal treatment (such as for PS) or UV irradiation (such as for 
polyacrylates or polyurethanes) (Gate et al., 1999; Xia et al., 1999; Jiang et al., 1999c; 
Míguez et al., 2001b; Deutsch et al., 2000). Another advantage of using polymer is that 
during the treatment processes, the volume shrinkage is much less than other materials 
(Bertone et al., 1999), thus the structure as well as its photonic properties can be 
maintained to the largest extent. Unfortunately, polymers normally have a lower RI 
than inorganic materials. This holds back their applications as infiltration precursors.  
Alkoxides are another kind of precursor that has been frequently used. For 
photonic applications, metals, metal oxides and semiconductors with a high RI are the 
desired materials. For example, Miguez et al. (Míguez et al., 2000) employed 
tetramethoxygermane (TMOG) as a precursor to infiltrate silica opal. TMOG 
hydrolyzed at room temperature to form GeO2, which was subsequently reduced to 
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metal Ge in a H2 atmosphere at high temperatures. Because the reduction process led 
to free space, the infiltration-hydrolysis-reduction recycle was repeated.  
Functional materials can also be infiltrated in the opal with this method. Gates 
and Xia (2001) used the magnetite nanoparticle as the infiltrated materials and 
obtained PCs that can be addressed with an external magnetic field. Show in Figure 
2.19 are the optical microscope images of the PC rotated at different angles.  
 
Figure 2.19 Optical microscope images of PC rotated at different angles with 
external magnetic field (Gates and Xia 2001).  
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Normally, a low concentration precursor solution is used to keep its high 
fluidity and facilitate the infiltration. However, by using the high concentration 
alkoxides and one-cycle process, skeleton structured titania was obtained by Dong et al. 
(2003). The formation of this structure is due to the existence of gel inter-phase during 
the condensation process. This skeleton structure showed the interesting properties that 
two band gaps, between 5th and 6th and between 8th and 9th bands, are observed.    
Soaking with alkyloxide solution has its own drawbacks: (1) the reduction 
process brings about shrinkage (about 30% - 40%) of the inverted opal material, 
resulting in a large number of cracks, (2) the infiltration process has to be carried in a 
closed system because of the sensitivity of the alkyloxides to moisture, and (3) most of 
the metal alkyloxides are expensive and not commercially readily available.   
Colloidal nanoparticle can be directly infiltrated into the voids of ordered opals 
by using liquid infilling method. The method is relatively straightforward and does not 
require subsequent chemical treatments. The size, shape and size distribution of the 
nanoparticle can have effects on the optical properties of the inverted opal. To enable 
the colloids to infiltrate into the voids of artificial opal, the size of the colloids should 
be much less than the size of the void among spheres (Vlasov et al., 2001). Many 
synthetic strategies for synthesizing nanoparticles for this purpose have been available 
(Steigerwald, 1989; Bawendi et al., 1989; Murray et al., 1993). However, as the 
framework is formed with the nanoparticles its RI will suffer loss (Meng et al., 2002).  
The filtration method. Filtration is a method that can overcome some of the 
drawbacks of the liquid infilling method (Holland et al., 1998; Holland et al., 1999; 
Velev et al., 1997; Velev et al., 1998; Velev et al., 1999; Yan and Goedel, 2004). As 
discussed earlier, colloidal microspheres are first packed on the surface of a membrane. 
Then a metal alkoxide (e.g., titanium ethoxide, zirconium n-propoxide, or aluminum 
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tri-sec-butoxide) or nanoparticle solution (Holland et al., 1998; Holland et al., 1999) is 
filtrated through the membrane. To ensure a complete and quick infiltration, negative 
pressure is often applied. 
The electrodeposition method. Electrodeposition is an ideal method to fully 
fill the requirements of making 3D ordered complex structures (Braun and Wiltzius, 
2002). Here the device of Davidoff et al. (See Figure 2.20) was used as an example to 
show this method (Davidoff et al., 1999). An artificial opal was placed on the cathode 
and a semiconductor was deposited directly in the voids of the opal. The most obvious 
advantage is that the deposition grows from the bottom to the top of the template, 
leading to a complete filling. In addition, during the template-removal process, 
framework shrinkage is minor-only about 2% (Davidoff et al, 1999). Furthermore, 
electrodeposition can be used for making ІI-VI, ІІI-V and ІV group semiconductors 
such as CdS and ZnO, etc. and metallic materials such as Pt (Bartlett et al., 2000; Luo 
et al., 2001), Pd (Bartlett et al., 2000), Ni (Luo et al., 2001; Xu et al., 2000), Ag (Lellig 
et al., 2002), Au (Xu et al., 2000; Wijnhoven et al., 2000). Macroporous conducting 
polymeric materials, such as polypyrrole, polyaniline and polybithiophene, have also 
been fabricated by using electrodeposition (Sumida et al., 2000; Bartlett et al., 2001; 
Cassagneau and Caruso, 2002). The low RI make macroporous polymer unlikely to be 
used as PBG materials, however, their optical properties can be electrochemically 
modulated.  




Figure 2.20 Schematic illustration of electrodeposition for infiltration of opal 
(Davidoff et al., 1999). 
 
The chemical Vapor deposition (CVD). Chemical vapor deposition (CVD) is 
a widely used materials-processing technique (Park and Sudarshan, 2001) and it has 
been used for fabricating PCs of high dielectric constants (Yates et al., 1998; Blanco et 
al., 2000; Vlasov et al., 2001; Bag et al., 1999; Chomski and Ozin, 2000). For example, 
PCs of silicon with a RI of 3.5 (Blanco et al., 2000; Vlasov et al., 2001) and gallium 
with a RI of 4 (Míguez et al., 2001a) have been fabricated, which guarantee a sizeable 
full bandgap (Sözüer and Haus 1992). Because silicon and gallium can be easily be 
implemented in the present photonic technology, it can be integrated in the optical 
devices.  
By using the CVD method, graphitic carbon and diamond inverse opals with 
remarkable optical properties can also be obtained (Zakhidov et al., 1998). These 
carbon structures are highly conductive and may have photonic band gap in the 
infrared region.  
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2.3.2.5 Fabrication with core-shell spheres 
Recently core-shell composite spheres have attracted a great deal of interest 
(Caruso, 2001). And they have been shown to offer an interesting avenue to make 3D 
PCs with tunable optical properties (Graf and van Blaaderen, 2002; Velikov et al., 
2002; Hotta et al., 2003; Hellweg et al., 2004; Lu et al., 2004). Coating the spheres can 
introduce functional group on the surface, thus enhance the stability of the core 
particles and facility the assembly process. For example, by grafting carboxyl and 
hydroxyl group on the surface of the polymer spheres, the colloids can be assembled 
easily (Chen et al., 2002; Cardoso et al., 1998). In addition, the density of the colloids 
can be altered by using different types of core or shell. Silica spheres have a high 
density, which limits the assembly strategy. However, when polymer cores were used, 
their density can be reduced greatly and confined cell method could be used to 
assemble the core-shell spheres (Lu et al., 2004). Furthermore, using the assembled 
core-shell spheres as templates, one can manipulate the wall structures. After 
infiltration and removal of the core, the shell will be part of the wall. Therefore, by 
controlling the components of the shell and the infiltrated materials, homogeneous or 
heterogeneous wall structures can be obtained (Wang et al., 2001; Rhodes et al., 2000).  
2.3.2.6  Removal of template 
Template removal is the final step of fabricating 3D PCs of self-assembly 
approaches. Calcination is normally used to remove organic template such as polymers 
while wet etching is effective to both inorganic and organic template.   
Calcination could have a tremendous impact on the optical properties of the 
inverse opal (Yan et al., 1999; Yan et al., 2000; Yan et al., 2001), which can transform 
the backbone materials both physically and chemically. For example, anatase phase 
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can be transformed into rutile phase during calcination of which the later has a higher 
RI (Manoharan et al., 2001). In addition, calcinated in a hydrogen environment can 
turn oxides into metals. Calcination may also lead to strong structural shrinkage 
because of condensation, transformation, crystallization, etc.  
Silica is often removed by etching with a low-concentration hydrofluoric acid 
solution. The main problem of HF-etching is that HF is extremely toxic and corrosive. 
2.4 Defect engineering in photonic crystals 
2.4.1. The importance of defects 
3D PCs have the potential to control the behavior of photons and PCs with full 
PBG have been achieved recently (Blanc et al., 2000; Norris et al., 2001). However, 
the homogeneous photonic crystals, like the un-doped silicon, can do nothing but act as 
a wave reflector and stopper. Therefore, various PBG structures are desired to be 
incorporated into the homogeneous PCs, which could introduce different defect modes 
and realize precise modulation of photons. This is also the prerequisite of the 
fabrication of all-optical devices. According to the dimensions of the structures, the 
defects can be classed as point defects, planar defects and line defects.  
Point defects can act as microcavities of high quality factor (Q) and they are 
necessary to construct low-threshold lasers and light-emitting diodes. Especially in 3D 
PCs they can completely confine the light to obtain the highest Q (>104) while 
maintaining a diffraction-limited modal volume. The planar defects can introduce 
allowed states in the forbidden state in the complete PBG and used as total internal 
reflector to guiding the conventional light. When line defects are embedded in the PCs, 
they have the ability to guide the propagation of the waves. In conclusion, these defect 
Chapter 2. Literature Review 
54 
structures can provide different optical functionalities and be used as components of 
the all optical devices.  
2.4.2 Defecting engineering using lithography methods 
To form PBG, the lattice constant of the PCs must be comparable to the 
wavelength of the light. This requirement raises a problem not only for the preparation 
of PCs but also the fabrication of defects. The state-of-the-art microlithography 
techniques, such as electron-beam lithography and X-ray lithography, are the suitable 
strategy to fulfill this requirement.  
The fabrication of microcavities within silicon-based materials at micrometer 
length scale has been experimentally explored. The silicon based waveguide shown in 
Figure 2.21A are such a structure fabricated by using X-ray lithography (Foresl et al., 
1997). Within the crystal, the defect at the center sustains one cavity mode and has the 
Q as high as 104. Besides the silicon, GaAs can also be fabricated into such a structure 
by using electron-beam lithography (Lim et al., 1999). The planar defects in 2D PCs 
are normally fabricated by remaining un-etched plane among PCs during lithography 
and realized by using a suitable mask with omitted plane (Talneau et al, 2001; 
Vogelaar et al., 2001, Noda et al., 2000b) (See Figure 2.21B). Lattices of dielectric 
rods are another kind of 2D PCs and can form bandgap at the planes which are 
perpendicular to the growth direction of the rods. By selectively removing one row of 
rods from the perfect lattice PCs, line defects can be created (Mekis et al., 1996; Lin et 
al., 1998b). These line defects can be used as waveguides to induce the propagation of 
the light around sharp corner with low loss.    
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Figure 2.21 SEM images of (A) A PBG waveguide microcavity fabricated by X-
ray lithography (Foresi et al., 1997) and (B) 2D PBG waveguide of 30 um long 
and 100 um deep (Müller et al., 2000).  
 
 Embedding of defects in 3D PCs using lithography method is an extremely 
hard task and only several works were reported. Noda et al. (2000a) fabricated full 3D 
PBG crystals at near-infrared wavelengths by stacking period semiconductor stripes. 
By removing certain stripes, an air waveguide with 90o bend was embedded in the PCs. 
The point defects were also precisely introduced into the 3D photonic crystals using 
the multi-step lithography approach (Qi et al., 2004). Both of these two methods used a 
layer-by-layer growth strategy and the defects were obtained during the fabrication of 
3D PCs instead of introducing defects after the formation of PCs. Although these 
methods have been proved successfully, the fabrication procedures are complex and 
the obtained 3D PCs have limited layers. As a result, a more general and effective 
method is required to fabricate the defect-embedded 3D PCs.  
2.4.3 Defecting engineering using self-assembly method  
Since the fabrication of 3D PCs with self-assembly strategy has been 
experimentally proved successfully, embedding artificial defects in such 3D PCs 
became the focus of researches. Point defects have been introduced by doping a 
A B
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colloidal crystal with impurity spheres of different sizes or different dielectric 
constants (Pradhan et al., 1996). With further infiltration and removal of template, air 
void defects can be introduced in the 3D PCs (Vlasov et al., 2001). However, in this 
method, the position of the point defects is not easy to control, which limits their 
applications. The insertion of artificial planar defects in self-assembled 3D PCs is 
normally realized with a layer-by-layer growth strategy. In a typical procedure, the 
growth of colloidal crystals was conducted twice and planar air defects formed 
between the two crystal layers (Jiang et al., 2001b; Rengarajan et al., 2001; Egen et al., 
2003). However, the shapes of the defects are normally irregular and cannot be used to 
constrain energy modes. Recently, the layer-by-layer deposition was combined with 
the chemical vapor deposition (CVD) method and planar defects of controllable shape 
were obtained (Palacios-Lidón et al., 2004; Tétreault et al., 2004).  
A limited number of fabrication methods have been demonstrated on 
embedding line defects in a self-assembled 3D PC. Multi-photon photopolymerization 
(Lee et al., 2002) and direct electron-beam writing technique (Ferrand et al., 2004; 
Juárez et al., 2004, Míguez et al., 2002b) have been employed to construct 
deterministic defect in self-assembled 3D Photonic crystals (See Figure 2.22). 
Although these techniques can produce optical-wavelength-scale line defects, the 
rough interface between the line defect and the surrounding 3D Photonic crystals due 
to the energy-beam damage may cause serious light scattering, thus incurring extra 
propagation loss for light waveguiding applications. In addition, the applicability of 
these techniques to non-polymer based colloidal crystals remains a great challenge. Ye 
et al. (2002) have described the growth of a colloidal crystal on a substrate patterned 
with photoresist lines, which serve as a template for creating well-defined air-core line 
defects in an inverse structure. The method is simple and straightforward. However, 
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such a structure cannot act as an ideal light waveguide because the line defects were 
confined between the 3D PC and the dielectric substrate, which leads to the leakage of 
optical modes from the dielectric substrate. Tétreault et al.(2003) have demonstrated a 
micro-scale line defect in an inverse silicon photonic crystal by local modification of 
RI via laser micro-writing and micro-annealing techniques. However, whether the 
local RI modulation can cause a light waveguide with full optical-confinement within 
the 3D Photonic crystals has not been addressed. 
 
Figure 2.22 A PC with artificial defect (Lee et al., 2002).  
 
2.5   Applications of 3D photonic crystals 
As discussed previously, PCs can form a full bandgap, which excludes the 
existence of optical modes of a specific range of frequencies, leading to the 
localization of photons and providing a mechanism for manipulating, confining and 
inhibiting light in three dimensions. These properties manifest themselves an ideal 
material for photonic technology (Wiersma et al., 1997; Ng et al., 2001; Galzaferri et 
al., 2002). In addition, besides the optical applications, the uniform and micro-scale 
pore structure of the inverse opals provide them wide applications in other areas.  
Photonic integrated circuit. Because of the advantages of photons over 
electrons in terms of information carrying and processing, numerous applications of 
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PCs, particularly 3D PCs, have been suggested and realized. As mentioned above, 
breakthrough has been made not only in fabrication of 3D PCs but also in the 
introduction of artificial defects. It would not be long to integrate all-optical photonic 
devices on a circuit, in which photons will travel only along the defects.  
Optical communications. Optical fiber has been used for long-distance 
information transfer for many years. In this technology, electronic signals are first 
converted to light pulses by using light emitting diodes (LEDs). Then the light pulses 
propagate along the optical fiber. There are a couple of drawbacks associated with this 
technology. One is that the light getting from LED includes different wavelengths and 
emits in all directions. The other one is that the energy loss in optical fiber is 
significant and unavoidable. Especially around the 90o corner, the loss in energy can be 
as high as 90%. These drawbacks largely reduce the efficiency of information 
spreading. PCs provide a possibility for solving these problems. By integrating 3D 
PBG waveguide into the LED, light can be manipulated to emit towards a given 
direction and only a very narrow range of wavelength can escape. In addition, the 
optical fiber can be fabricated as PCs along cross-section. Light waves propagate along 
the optical fiber due to PBG instead of reflection. As a result, the energy loss can be 
suppressed tremendously, even at the sharp corner (Cregan et al., 1999).  
Dipole antenna. Conventional integrated circuit antennas are normally 
mounted on semiconductor substrates. The drawback of the systems is that lots of the 
power radiate into the substrates instead of into the space. By replacing the 
semiconductors with PCs, this problem can be solved (Cheng et al., 1995; Brown et al., 
1994). Because PCs can completely stop the propagation of certain frequency EM 
wave, most of the powder will radiate into the space and the efficiencies of antenna 
systems can be increased dramatically. 
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Photonic sensor. PBG composites combining optical and chemical properties 
can be applied as optical sensor (Blanford et al., 2001; Stephen et al., 2001). As we 
know, in 3D colloidal sphere arrays, the position of the stop band is proportional to the 
inter-planar spacing dhkl. So the variation of the spacing will lead to the shift of the 
diffraction peak. For photonic sensors, the spacing is very sensitive to environmental 
conditions such as humidity (Holtz and Asher, 1997; Holtz et al., 1998), mechanical 
stress (Jethmalani and Ford, 1996; Jethmalani et al., 1997), and temperature (Holtz et 
al., 1998; Pan et al., 1997), and magnetic field (Xu et al., 2001). As a result, they can 
be used to reveal the condition changes effectively by measuring the change of the stop 
band.  
Cell scaffolds. The 3D macroporous materials fabricated with biocompatible 
materials can be used as scaffolds for the culture of the cells (Kotov et al., 2004; 
Stachowiak et al., 2005). In these porous materials, the interconnected voids provide a 
uniform environment for cell evolution, which simplifies the interpretation of the 
results. In addition, the pore size of the scaffold can be easily varied by using colloidal 
spheres of different size, thus can fit for the requirements of various cells. Furthermore, 
the highly ordered structures enable the computer modeling of the nutrient fluxes, 
metabolism, cell migration, and other processes on the scaffold.  
Catalysis and membrane. In the macroporous materials fabricated from self-
assembly method, there are two kinds of pores: the air spheres templated from the 
colloidal spheres and the necks among the air spheres. These pores have monodisperse 
pore size. Therefore, these macroporous materials have the potential applications in 
separation and catalysis, where the large pores allow rapid mass transport while small 
pores provide large contact area. Some groups have prepared membranes with this 
method (Gate et al., 1999; Yan and Goedel, 2004). Carbon is a kind of thermal and 
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chemical inert materials and widely used in catalysis. Thus recently many scientists 
focused on fabricating carbon macroporous materials with self-assembly strategy and 
various kind of carbon catalysts was fabricated (Baumann and Satcher, 2003; Chai et 
al.. 2004; Yu et al., 2002; Moriguchi et al., 2004).   
Nanosphere lithography. Conventional lithographic techniques are a good 
method to fabricate ordered structure. But it is limited by the wavelength of the light 
and the high cost. Nanosphere lithography, as a simple alternative approach, has been 
successfully applied to fabricate patterns on substrates (Haes and Van Duyne, 2002; 
Winzer et al., 1996; Haynes and Van Duyne, 2001). In this method, the nanospheres 
are first packed on the substrate, and then this ordered structure is used as mask for 
further metal deposition or lithography. After the removal of the spheres, various kinds 
of structures on the substrate can be obtained. (Jiang, 2004; Abdelsalam et al., 2004; 
Wang et al., 2004; Briseno et al., 2004). 
2.6   Motivation of this thesis project  
Till now, the self-assembly method has been demonstrated to afford 3D PCs 
with a full PB, however, it is still far from practical applications because of the main 
two issues associated with self-assembled 3D PBG materials, namely the domain size 
and the quality of the self-assembled colloidal crystal and the embedding of artificial 
defects into a self-assembled PC. Therefore, this project focused on the development 
of a feasible method to fabricate the colloidal crystal in large domains and of high 
quality, and on realizing some photonic devices by combing the self-assembly method 
with lithography techniques.  




3.1  Chemicals  
The chemicals used in this study included styrene (99%, Aldrich), sodium 
dodecyl sulfurate (SDS, 99%, Aldrich), potassium persulfate (KPS, 99%, Aldrich), 
hydrogen peroxide (30%, Ashland Chemical) sodium hydroxide pellet (99%, Merck), 
sulfuric acid (98%, Merck), fuming hydrochloric acid (HCl, 37%, Merck), tetraethyl 
orthosilicate (TEOS, 98%, Fisher), absolute ethanol (99.99%, Merck), toluene (99.5%, 
Merck), ammonia solution (NH4OH, 28%, Fisher), hydrofluoric acid (HF, 49%, J.B. 
Beaker), 1,2-bis(triethoxysilyl)methane (BTEM, 96%, Aldrich), 1,2-
bis(triethoxysilyl)ethane (BTEE, 96%, Gelest), 1,2-bis(triethoxysilyl)ethylene 
(BTEEY, 95%, Gelest), sucrose (98%, Fluka), tetraisopropyl orthotitanate (TIPT, 
99.9%, Fluka). Figure 3.1 schematically illustrates the chemical structure of BTEM, 
BTEE, BTEEY, and TEOS. These chemicals were extensively used in this thesis work 
as the infiltration precursors. 
3Si OR)(Si3)( OR n
BTEM
n = 1 R = CH3  
3Si OR)(Si3)( OR n
BTEE
n = 2 R = CH3   
3Si OR)(Si3)( OR
BTEEY
R = CH3     4
Si )( CHO 2CH3
TEOS
       
Figure 3.1 The schematic illustrations of the BTEM, BTEE, BTEEY, and TEOS.  
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All the chemicals were used as received without further purification except that 
styrene was washed with 10% sodium hydroxide solution to remove the inhibitor and 
then with deionized water to remove the sodium hydroxide using a separating funnel. 
Glass substrates (microscope glass slide, 22 × 22 × 0.3 mm3, Marienfeld, 
Germany) and silicon substrates (20 × 20 × 0.5 mm3, HNS, Singapore) were pretreated 
with conventional semiconductor cleaning process. First, the substrates were bathed in 
a mixture of concentrated sulfuric acid and hydrogen peroxide with volume ratio of 3: 
1 for 20 min. Then, they were treated in an ultrasonic bath containing ammonia 
solution, hydrogen peroxide and deionized water with volume ratio of 1: 2: 5 for 5 min. 
After that, the substrates were bathed in a mixture of hydrochloric acid, hydrogen 
peroxide and deionized water (HCl: H2O2: H2O = 1:2:7, volume ratio) for another 5 
min. Finally, the substrates were washed with copious deionized water and dried in 
nitrogen flow before use. 
3.2  Synthesis of colloidal microspheres 
3.2.1 Synthesis of polystyrene microspheres 
Experimental setup. Emulsion polymerization method was used to synthesize 
polystyrene (PS) spheres. The experimental setup is shown in Figure 3.2. The reaction 
was carried out in a 500 ml three-neck flask. A teflon wedge connected with a teflon 
sprayed stick, which was driven with an electric motor, was used as the stirrer. Pure 
nitrogen was bubbled into the flask throughout the experiment. The temperature was 
controlled with a water bath.  
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Figure 3.2 Equipment setup of PS microspheres synthesis. 
 
Synthesis. To synthesize PS spheres of different sizes, emulsion 
polymerization, emulsifier-free emulsion polymerization, and seed polymerization 
methods were used. The recipes of the polymerization methods are given in Table 3.1 
and 3.2. During the experiment, the flask was immersed into the bath and the deionized 
water, the pre-washed styrene and surfactant sodium dodecyl sulfurate (SDS) were 
added in the flask. The solution was stirred to mix homogeneously and nitrogen gas 
was bubbled into the flask to remove the air in the system. When the water bath was 
heated to the required temperature, the KPS dissolved in water was added. The 
polymerization was conducted at 350 rpm and the temperature was maintained at 






Round Bottom Flask 
Water Bath 
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the reactions were carried out for different times. Then the flask was removed from the 
water bath and the mother liquor was collected. According the consequent experiments, 
the PS spheres were separated with filter paper or were kept in the suspension.  
Table 3.1 Recipe of the emulsion polymerization  









PS-SDS 25.0 0.1 0.1250 250.0 60 28 
PS-1 15.0 0 0.050 250.0 60 28 
PS-2 20.0 0 0.1250 250.0 60 28 
PS-3 25.0 0 0.1250 250.0 60 28 
PS-4 37.5 0 0.1875 250.0 60 28 
PS-70 25.0 0 0.1250 250.0 70 18 
PS-80 25.0 0 0.1250 250.0 80 10 
Table 3.2        Recipe of the seed polymerization 







PS-31 100 (PS-1) 10 0.05 186.7 
PS-32 100 (PS-1) 20 0.1 186.7 
PS-33 100 (PS-1) 30 0.15 186.7 
PS-311 100 (PS-31) 20 0.1 186.7 
PS-321 100 (PS-32) 20 0.1 186.7 
* The reaction temperature and time is 60 oC and 28 h, respectively.  
 
The emulsifier-free emulsion polymerization was the same as the traditional 
emulsion polymerization except the reaction was carried out in the absence of 
emulsifier SDS.  
In the seed polymerization, the PS spheres obtained in emulsifier-free emulsion 
polymerization were used as seeds. About 100 g of the mother liquor prepared in 
emulsifier-free emulsion polymerization was left in the flask for the subsequent stage 
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reaction. Then styrene and warm deionized water, which was preheated to 60 oC, were 
added into the flask. After stirring for 30 minutes, KPS dissolved in water was added. 
Stirring remained at 350 rpm and the temperature was kept at 60 oC for another 28 h.  
Separation of PS spheres. Mother liquor of the PS spheres was filtrated with 
cellulose acetate membrane filters of pore size 200 nm (47 mm diameter, Whatman). A 
vacuum pump (Vacuubrand, Wertheim Germany) was used to accelerate the filtration 
process. The spheres remained on the filter paper as a compact cake due to the suction 
force. Then the PS spheres were dried in oven at 40 oC for 24 h to remove the 
remaining water and styrene.  
Volume fraction measurement. The volume fraction of the PS spheres was 
measured by drying 1 ml suspension in oven and the weighting the remained solid. 





f ρ     (3.1) 
where fps is the volume fraction of the polystyrene spheres, mps is the weight of 
the dried solid (PS spheres), VL is the volume of the suspension and ρps is the density of 
PS, which is 1.05 g /ml.  
Preparation of the colloidal suspensions. PS-water suspensions were 
prepared by diluting the mother liquid directly according the volume fraction of the 
suspension. PS-ethanol suspensions were obtained by dispersing the certain amount 
dried PS spheres in ethanol.  
3.2.2 Synthesis of silica microspheres 
Equipment. The synthesis of the SiO2 microspheres was conducted in a 250 ml 
three-neck round-bottom flask. A teflon wedge connected with a teflon sprayed stick, 
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which was driven with an electric motor, was used as stirrer. A variable flow mini-
pump (Fisher scientific) was used to control the feeding of the chemicals.  
Synthesis. In the synthesis of the SiO2 microspheres, two mixtures were 
prepared separately. Mixture A contained absolute ethanol and ammonia solution and 
this mixture was added in the reaction flask. Mixture B was prepared by mixing TEOS 
and ethanol. Then the solution B was poured or dropped into mixture A with a constant 
velocity using the mini-pump or poured in directly. Strong stirring was needed to mix 
A and B homogeneously. The whole system was sealed to prevent the evaporation of 
the reactants. After the mixture B was fed in the flask completely, the reaction was 
kept for 2 h to make sure that spheres reached their final size. The suspension of SiO2 
spheres obtained was then washed with deionized water and ethanol by repeated 
centrifugation. The recipe of the synthesis is listed in Table 3.3.  
Volume fraction Measurement. The measurement of the volume fraction of 
the SiO2 suspension is the same as the method used to the suspension PS spheres.  
Table 3.3        Recipe of the silica sphere synthesis 
Mixture A Mixture B 
Sample Dripping velocity Ethanol Ammonia Ethanol TEOS 
SiO2-1 Mixing 100 20 40 10 
SiO2-2 15 ml/h 100 20 40 10 
SiO2-3 10 ml/h 100 20 40 10 
SiO2-4 5 ml/h 100 20 40 10 
SiO2-5 5 ml/h 100 20 60 15 
SiO2-6 5 ml/h 100 20 80 20 
SiO2-7 5 ml/h 100 20 80 20 
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3.3 Fabrication of colloidal crystals 
3.3.1 Vertical deposition (VD) method 
Colloidal spheres were diluted to a certain volume fraction before use 
(normally the fraction was lower than 1%.). Then about 10 ml of the colloidal 
suspension was added into a polyethylene vial and a glass slides were vertically 
immerged into the suspension and fixed on the inside of the vial. Then the vial was 
placed in an oven of 60 oC overnight (Im et al., 2002a; Im et al., 2002b).  
3.3.2 Follow-controlled vertical deposition (FCVD) method 
Figure 2.15 illustrates the setup of the FCVD method developed in this thesis 
work (Zhou and Zhao, 2004). A polypropylene liquid container with a cover was used 
and connected to a micro tube. The inner diameter of the container and the tube were 
90 and 1 mm respectively. A micro slide was vertically stuck on the inside wall of the 
container. To carry out self-assembly experiments, dried PS spheres were dispersed in 
ethanol by sonication (Transsonic 460) for 5 min. Then the colloidal suspension was 
poured into the container. The volume fraction of the suspension was determined by 
mixing a certain weight of PS spheres in ethanol and a value of 1.05 g/ml was taken as 
the density of PS spheres. The suspension was withdrawn from the bottom of the 
container by using a variable flow mini-pump (Fisher scientific Pte. Ltd.). The flow 
rates of pump (Q) were varied between 0.2445 and 0.009 ml/min, which led to the 
liquid surface dropping velocity (VP) ranging from 0.64 to 236 nm/s. The temperature 
was kept at 30 oC with the help of a water jacket. The evaporation rate je was measured 
under the same experimental conditions, which was about 310 nm/s. After the colloidal 
films were formed on the substrate, the samples were dried at 60 oC overnight. Besides 
ethanol, water was also used as a solvent.   
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3.3.3 Centrifugation method 
Centrifugation was also attempted to grow colloidal crystals because it is a 
simple method. Colloidal crystals of PS and SiO2 were obtained by at velocities of 
9000 and 5000 rpm, respectively. The top-layer liquid was removed and the solids at 
the bottom were dried at 60 oC overnight.  
3.3.4  Annealing  
 To increase the mechanical strength of the colloidal crystals and form necks 
among the microspheres, the annealing process is necessary. For PS spheres the 
colloidal crystals were heated at 105 oC for 10 min, while the silica spheres were 
calcinated at 450 oC for 3 h.  
3.4  Fabrication of 3D PBG materials 
3.4.1  Fabrication of silica inverse opals 
After annealing at 105 oC for 10 min, the colloidal film grown on the substrate 
was fixed vertically in the vessel of the FCVD setup. A SiO2 sol precursor, which was 
prepared by mixing TEOS, ethanol and 0.1 M HCl solution, was poured into the vessel. 
Then the silica solution was withdrawn using the peristaltic pump at a constant flow 
rate. After the precursor solution was completely withdrawn, the silica-infiltrated 
colloidal crystal was dried at room temperature. By repeating the infiltration process, 
the infiltration degree can be controlled. An inversed SiO2 opal was obtained after 
removal of the PS spheres by soaking in toluene at 60 oC for 24 h or calcinated at 500 
oC for 5 h.  
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3.4.2  Fabrication of organosilica inverse opals 
The precursors of the organosilicas were prepared by mixing silsesquioxanes, 
ethanol and 0.1 M HCl solution with volume ratio of 1: 10: 1 and stirred for 4 h. Then 
the precursors were slowly added from the side of the colloidal crystal films which 
were grown on the substrate. Then the silsesquioxanes were allowed to hydrolyze and 
condense in air for 24 h. The infiltration-hydrolysis process was repeated several times 
to ensure complete infiltration of the opal voids. Finally, the PS opal templates were 
dissolved by soaking in toluene at 60 oC for 24 h.  
3.4.3  Fabrication of carbon inverse opals 
The carbon precursor used in this experiment was a mixture of sucrose, water, 
ethanol and H2SO4 with mass ratio of 1: 4: 45: 0.2. The infiltration was carried out by 
dripping the precursor solution on the side of the colloidal film carefully until the 
whole film was wetted. Then the colloidal crystal was dried in air. After that, the 
infiltrated colloidal crystal was heated at 100 oC for 2 h followed by heating at 160 oC 
for 5 h to obtain a PS-polymer composite. Removal of the PS template with toluene 
resulted in macroporous polymer. Finally, the porous polymer was carbonized at 800 
oC for 5 h to obtain a carbon structure.   
3.4.4  Fabrication of TiO2 inverse opals 
The precursor of titania was prepared from mixtures with a composition of 5.0 
mL of ethanol, 1.0 mL fuming HCl, 5.0 mL of TPIT. The mixture was stirred at room 
temperature for several minutes and added to the bulk colloidal crystals fabricated 
from centrifugation method. Then the infiltrated colloidal film was dried and 
calcinated at 500 oC for 5 h to remove the PS template. 
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3.5 Fabrication of 3D Heterostructural Photonic Crystals  
3.5.1 Multilayer colloidal crystal heterostructures 
Fabrication of size heterostructure multilayers. After obtaining the colloidal 
film of PS spheres with FCVD method, the film was annealed at 105 oC for 10 minutes. 
After that, the second layer of PS colloidal crystal of smaller size spheres was grown 
with the FCVD method (with ethanol as solvent). The multilayer heterostructure of PS 
colloidal film was infiltrated with silica following the method described in 3.4.1. After 
removing the PS spheres with soaking in toluene at 60 oC for 24 h, the inverse 
multilayer heterostructures can be obtained.  
Fabrication of multilayer of PS opal and infiltrated opal. The colloidal 
films of PS spheres was fabricated and infiltrated with silica using FCVD method as 
described in 3.3.2 and 3.4.1. Then the infiltrated colloidal film was used as substrate to 
grow another layer of colloidal crystal using the FCVD method.  
Fabrication of multilayer of PS opal and silica inverse opal. The silica 
inverse opal was obtained using the method described in 3.4.1. Then PS colloidal film 
was grown on the inverse opal by using FCVD method.  
Fabrication of multilayer of silica opal and PS opal. Silica spheres film was 
grown on the PS colloidal film with VD method. Silica spheres were dispersed in 
ethanol to form suspension of certain volume fraction. Then the PS colloidal film was 
immerged in the silica suspension and fixed. The vial of the suspension and the 
colloidal film was placed in the oven of 60 oC over night. After drying, silica spheres 
film formed on the PS colloidal film. The concentrations of the silica suspension were 
listed in Table 3.4.  
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Table 3.4        Experimental data for fabricating binary colloidal crystals 
Silica Spheres 


























3.5.2 Fabrication of defects in photonic crystals 
Fabrication of planar defects in PCs. The Schematic illustration of planar 
defects in PCs is shown in Figure 3.3. The colloidal film was infiltrated with silica by 
using FCVD method. The infiltration process was repeated for several times until a 
thin film of silica formed on the surface of the infiltrated colloidal crystals. Then this 
colloidal crystal was used as substrate to grow another colloidal film on it by using 
FCVD method.  
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Figure 3.3 Schematic illustrations of engineering planar defects within self-
assembled 3D PCs. 
 
Fabrication of line defects in PCs. The fabrication process is schematically 
illustrated in Figure 3.4. Firstly, monodisperse silica colloidal microspheres with an 
average diameter of 390 nm were assembled on a silicon substrate with the VD method 
to form a colloidal crystal film. The silica opal film was slightly annealed at 450 oC for 
3 h to enhance the mechanical integrity. After spin-coating a photoresist layer, 
conventional photolithography was applied to form the line structure on the surface of 
the opal film. After development, vertical deposition was carried out again to re-grow a 
colloidal crystal film on the surface of the original silica opal (with patterns). Thus, a 
silica colloidal crystal containing photoresist line defects within its interior was 
obtained. 
Opal Silica infiltration 
Opal re-growth Silica re-infiltration 
Template 
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Figure 3.4 Schematic illustration of engineering air-line defects within self-
assembled 3D PCs. 
 
After that, the above silica colloidal crystal was infiltrated with a carbon 
precursor, a 20 wt.% sucrose solution containing 3.85 wt.% concentrated sulfuric acid. 
After drying at room temperature for 3 h, the infiltrated silica containing photoresist 
lines was slowly heated to 100 oC and maintained at this temperature for 1 h to obtain a 
polymer-silica composite with line defects. Removal of the silica opal template with a 
diluted hydrofluoric acid aqueous solution (HF: NH4F: H2O = 3: 6: 10, mass ratio) 
resulted in a 3D macroporous carbon matrix with photoresist line defects embedded. 
Finally, the photoresist lines were removed with acetone to yield a carbon PC 
containing micron-scale air-core line defects.  
Opal fabrication of spin Photolithograph
Opal re-growth Infiltration 
Template removal Photoresist removal 
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3.5.3  Fabrication of surface coated heterostructures 
Fabrication of carbon-silica heterostructures. The experimental procedure is 
schematically illustrated in Figure 3.5. The preparation of 3D macroporous carbon 
structures and hollow carbon capsules is described as follow. First, PS spheres 
synthesized according to section 3.2.1. were fabricated into a colloidal crystal using a 
flow-controlled vertical deposition (FCVD) method. The colloidal crystals were 
annealed at 105 or 110 oC for 10 minutes to form necks of different sizes among 
spheres. The interstices in the colloidal crystal were then infiltrated with a silica sol, 
which was prepared by mixing tetraethyl orthosilicate (TEOS), ethanol and 0.1 M HCl 
solution with a volume ratio of 1:3:0.1 and stirring for 4 h. A 3D macroporous silica 
was obtained after removal of the PS spheres by calcination at 500 oC for 5 h. The 
pores in the macroporous silicas were connected with small channels at the sites of the 
necks in the colloidal crystals. Second, the porous silica was infiltrated with a 14.3, 20 
or 33.3 wt.% sucrose solution containing 3.85 wt.% H2SO4. Sucrose was used as the 
carbon precursor because it is easy to handle and cost-effective (Jun et al. 2000). The 
precursor-infiltrated template was heated at 100 oC for 2 h, followed by at 160 oC for 5 
h to obtain a polymer-silica composite. The thickness of the coated polymer layer can 
be increased by repeating the above process. Third, removal of the exterior silica shell 
from the composite using a 49% HF solution followed by carbonization at 800 oC in 
N2 for 5 h resulted in either a 3D macroporous carbon or hollow carbon capsules (HF 































Figure 3.5 Schematic illustrations showing the synthetic steps at which different 
compositional and structural carbons can be obtained. 
 
(B) Polymer-coated SiO2 (D) Polymer-infiltrated SiO2  
(A) Macroporous SiO2 
1) Infiltration with precursor 
2) Heating at 100 & 160 oC 
3) Repeating steps 1 & 2 
1) Infiltration with precursor  
2) Drying at room temp. 
3) Repeating steps 1 & 2 
4) Heating at 100 & 160 oC 
1) Dissolving SiO2 in HF 
2) Carbonization at 800 oC 
1) Dissolving SiO2 in HF 
2) Carbonization at 800 oC
(E) Solid carbon spheres (C) Macroporous carbon 
or hollow carbon spheres 
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Preparation of solid carbon spheres. The preparation of solid carbon spheres 
was similar to that of the porous carbon structures. The only difference was that after 
infiltration of sucrose, the sample was dried at room temperature instead of heated at 
100 oC and 160 oC before subsequent infiltrations. But after the final infiltration step, 
the sucrose-infiltrated silica was heated at 100 oC and 160 oC. In addition to sucrose 
solution, furfural alcohol (FA) was also used as a carbon precursor. 
Fabrication of magnetic carbon capsules. The synthesis process is the same 
as the fabrication process of carbon spheres. To incorporate the magnetic nanoparticles 
within the carbon spheres, Fe nanoparticles were mixed with the sucrose solution 
precursor solution.   
3.6  Fabrication of surface pattern 
3.6.1  Fabrication carbon pattern on glass substrate 
The monolayer PS colloidal film with sphere size of 500 nm was first 
fabricated using FCVD method by manipulating the experimental conditions. Then, 
the carbon precursor, a mixture of sucrose, water, ethanol and H2SO4 with mass ratio 
of 1: 4: 45: 0.2, was infiltrated in the voids among the colloidal crystal. After the 
solution was dried in room temperature, the PS-sucrose composite was heated at 100 
oC for 5 h to partially polymerize sucrose catalyzed by H2SO4. Removal of the PS 
spheres by soaking the composite in toluene at 60 oC for 24 h, followed by 
carbonization at 160 oC for 5 h porous carbon films were yielded on the substrate. 
Thus, the surface of the substrate was patterned with carbon.  
The carbon-patterned substrate was used to further grow non-closed packed 
silica spheres of 400 and 500 nm using the VD method. 
Chapter 3. Experimental Section 
77 
3.6.2  Fabrication silica pattern on glass and silicon substrate  
The colloidal film of PS spheres was first fabricated on a glass or silicon 
substrate and annealed at 100 oC, 105 oC, 110 oC and 115 oC for 10 min. Then FCVD 
infiltration method was used to infiltrate the colloidal crystals. The silica precursor was 
prepared by mixing TEOS, ethanol and 0.1 M HCl with volume ratio of 1: 5: 0.1. Then 
the precursor solution was diluted to 1/5 and 1/10 of the original concentration with 
ethanol. The infiltrated colloidal crystal was dried in room temperature and soaked in 
toluene at 60 oC for 24 h to remove the PS spheres. Finally, the porous silicas were 
sonicated for 5 min to remove the inverse opal and silica patterns were left behind on 
the substrate.  
3.6.3  Fabrication nanopits on silicon substrate 
The silica patterned silicon substrate was fabricated according 3.6.2. Then 
plasma etching with CF4 was applied on the silicon substrate. Because the etching is 
sensitive to the silicon only, the silica pattern can be used as mask. After lithography 
process, the substrate was soaked in mixture of HF, NH4F and H2O with mass ratio of 
3: 6: 10 for 12 h to remove the silica pattern. Then silicon substrate with nanopits was 
obtained.  
3.7  Characterization 
3.7.1 Laser light scatting (LLS) 
The size and size distribution of PS microspheres were measured on a BI 90 
plus particle size analyzer (Brookhaven Instruments Corporation). According to 
Rayleigh equation (3.2), the amount (intensity) of light scattered by a solution at some 
angle (θ) is related to the incident laser beam.  




























−=     (3.2) 
where I is the intensity at a distance r from the particle, I0 is the initial intensity 
of light of wavelength λ in the surrounding medium, θ  is the angle between the 
incident plan and the scattered beam, n and n0 is the RI of the surrounding medium, 
g(θ) = cos2θ for polarized light and g(θ) = (1 + cos2θ) for un-polarized light, NP is 
particles per unit volume and v is the total particle volume. As a result, by measuring 
the intensity of light, the particle size can be obtained.  
In the experiment, before measurement, the PS spheres were dried and re-
dispersed in ethanol using sonication. Then the suspension was diluted to certain 
concentration and added into a glass container of the analyzer. However, for larger PS 
microspheres and SiO2 microsphere, with the Laser light scatting method we cannot 
obtain the accurate results because of the fast deposition speed of the spheres. In this 
circumstance, scanning electron microscopy was used.   
3.7.2 Scanning electron microscopy (SEM) 
SEM uses a condensed, accelerated electron beam to focus on a specimen. The 
electron beam hits the specimen and produce secondary and backscattered electrons. 
Secondary electrons are emitted from the sample and collected to create an area map of 
the secondary emissions. Since the intensity of secondary emission is very dependent 
on local morphology, the area map is a magnified image of the sample. 
In the experiment, the microspheres were measured on the SEM image directly 
to obtain the information of the size and size distribution. In this experiment, SEM 
images were obtained on a JEOL JSM-5600LV and a JEOL-7600F scanning electron 
microscope, which were operated at an acceleration voltage of 5, 10 and 15 kV and 
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filament current of 60 mA. Before measurement, the samples were stick onto a double-
face conducted tape mounted on a metal stud and coated with platinum with a sputter 
coater (JEOL JFC-1300 Auto fine coater). 
3.7.3 Energy Dispersive X-ray Spectroscopy (EDX) 
The EDX was also obtained from the scanning electronic microscopy. When an 
incident electron beam bounces through an atom to create secondary electrons, it 
leaves holes in the shells where the secondary electrons used to be. If these holes are in 
inner shells, the atom is not in a stable state. To stabilize the atoms, electrons from 
outer shells will drop into the inner shells, releasing some energy in the form of X-rays. 
The X-rays emitted from the sample atoms are characteristic in energy and wavelength 
to, not only the element of the parent atom, but also which shells lost electrons and 
which shells replaced them. These characteristic energies enable one to analyze a 
sample quantitatively and qualitatively. 
The energy of the electronic beam is typically in the range 10-20 kV. The 
energy of the X-rays emitted depends on the material under examination. The X-rays 
are generated in a region about 2000 nanometers in depth, and thus EDX is not a 
surface science technique.  
3.7.4 Transmission electron microscopy (TEM) 
In the operation of TEM, an electron beam is focused to strike a specimen and 
part of the sample is transmitted. This transmitted portion is focused by objective lens 
into an image and the image is passed down through enlarge lenses and a projector lens, 
being enlarged all the way.  
In the experiment, the TEM was used to characterize the porous carbon and the 
TEM images were obtained on a JEOL 2010 transmission electron microscope, 
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operated at an acceleration voltage of 200 kV. Before measurement, the sample was 
dispersed in ethanol and then dripped and dried on copper grid.  
3.7.5 Atomic force microscope (AFM)  
AFM operates by measuring the forces between the atoms on the surface of a 
sample and those on the tip causing the tip to deflect. The magnitude of the deflection 
depends on the separation between the surface atoms and the tip atoms and on the 
atomic forces between them. The sharp tip is dragged across the sample surface and 
the change in the vertical position, reflecting the topography of the surface.  
An atomic force microscope (Nanoscope III) under the tapping mode was used 
to characterize the surface of the patterned substrate. Besides the structure of the 
patterns, AFM can measure the detailed information of the pattern, such as the height 
of the pattern and the distant between two random points.  
3.7.6 UV-Visible-near-infrared Scanning Spectrophotometer 
Scanning spectrophotometers are dispersive devices that normally utilize 
diffraction gratings to scan across a spectral region. Scanning spectrophotometers can 
be used in the UV, visible, and NIR regions. The polychromatic light from the 
radiation source passes through lenses and filters and onto the sample. The sample-
modified light is then collected and transferred to the monochromator where it is 
diffracted into individual wavelengths and measured by the detectors.  
The reflectance and transmission spectra of the colloidal crystals and the PCs 
were characterized on a Shimadzu UV-3101PC UV-Visible-near-infrared Scanning 
Spectrophotometer. A home-made mask was used to constrain the incident light into 5 
mm diameter circle. 
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3.7.7 N2 adsorption/desorption  
In N2 adsorption analysis, a sample is exposed to N2 gas of different pressures 
at a given temperature (usually at – 196 oC, the liquid-nitrogen temperature). 
Increment of pressure results in increased amount of N2 molecules adsorbed on the 
surface of the sample. The pressure at which adsorption equilibrium is established is 
measured and the universal gas law is applied to determine the quantity of N2 gas 
adsorbed. Thus, an adsorption isotherm is obtained. If the pressure is systematically 
decreased to induce desorption of the adsorbed N2 molecules, a desorption isotherm is 
obtained. Analysis of the adsorption and desorption isotherms in combination with 
some mathematical models yields information about the pore structure of the sample 
such as surface area, pore volume, pore size and surface nature. 
The N2 sorption/desorption of the carbon spheres was carried out at 77 K on a 
NOVA 1200 analyzer. The sample was degassed at 200 ºC for 3 h before the 
measurement. Specific surface area was calculated by using the multiple-point 
Brunauer-Emmett-Teller (BET) model and pore size distribution was calculated with 
Dubinin-Astakhov (DA) method.  
3.7.8 Nuclear magnetic resonances (NMR) spectroscopy  
Nuclear magnetic resonance (NMR) spectroscopy uses high magnetic fields 
and radio-frequency pulses to manipulate the spin states of nuclei. The position of 
NMR peaks reflects the chemical environment and nucleic positions of the atoms 
within the molecule. Chemical shift is defined as nuclear shielding / applied magnetic 
field. It is measured relative to a reference compound. For 1H NMR, the reference is 
usually tetramethylsilane, Si (CH3)4.  
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Solid-state magic-angle spinning (MAS) nuclear magnetic resonance (NMR) 
spectra were collected on a Bruker DRX400 MHz FT-NMR spectrometer operated at a 
frequency of 100.6 MHz and 79.5 MHz for 13C and 29Si respectively. The MAS rate 
was 8 kHz and a magnet with a rotor size of 4 mm was used. Cross-polarization (CP) 
technique was used for 13C MAS NMR spectra while single pulse technique was used 
for 29Si MAS NMR spectra. Both 13C and 29Si MAS-NMR spectra were referenced to 
tetramethylsilane. 
3.7.9 Fourier transform infrared (FT-IR) spectroscopy 
FT-IR spectrometers record the interaction of infrared radiation with a sample, 
measuring the frequencies at which the sample absorbs the radiation and the intensities 
of the absorptions. Chemical functional groups are known to absorb light at specific 
frequencies. Thus the chemical structure can be determined from the frequencies 
recorded. 
Fourier Transform Infrared (FTIR) spectra were collected on a Bio-Rad FTS 
135 with a resolution of 4 cm-1 in the wavelength range of 400-4000 cm-1. A powder 
sample was mixed with potassium bromide, KBr (Merck, Lot No. B28 7007 832) in a 
weight ratio of 1:99, then pellets were formed using a Graseby Specac.   
3.7.10 X-ray diffraction (XRD)  
X-ray diffraction (XRD) takes advantages of the coherent scattering of x-rays 
by polycrystalline materials to obtain a wide range of structural information. The x-
rays are scattered by each set of lattice planes at a characteristic angle, and the 
scattered intensity is a function of the atoms, which occupy those planes. The 
scattering from all the different sets of planes results in a pattern, which is unique to a 
given compound. In addition, distortions in the lattice planes due to stress, solid 
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solution, or other effects can be measured. In the experiment, the XRD spectra were 
obtained on a Shimadzu XRD-6000.  
3.7.11 Thermogravimetric analysis (TGA) 
The thermogravimetric Analysis (TGA) measures changes in weight of a 
sample with increasing temperature. TGA measurements were carried out on a TA 
Instrument TGA 2050 thermogravimetric analyzer under N2 flow with a flow rate of 
100 ml/min. Around 10 mg of samples was used and heating from room temperature to 
900 ºC with the heating rate of 10 ºC/min.  
3.7.12 Photography 
The optical spectra of the samples were acquired using a digital camera (Nikon 
Coolpix3700).  
3.7.13 Vibrating sample magnetometer (VSM) 
A Vibrating Sample Magnetometer (VSM) (41719.7 Oxford Instruments) 
measures the magnetic properties of materials. When a material is placed within a 
uniform magnetic field is and made to undergo sinusoidal motion (i.e. mechanically 
vibrated), there is some magnetic flux change. This induces a voltage in the pick-up 
coils, which is proportional to the magnetic moment of the sample. The hysteretic runs 
were performed at 300 K over the range of -5000 to 5000 G.  




SYNTHESIS OF MONODISPERSE COLLOIDAL 
MICROSPHERES 
In the self-assembly method, colloidal crystals fabricated from microspheres 
are used as the templates to guide the formation of PCs. Till now, many methods have 
been developed to induce the formation of opal templates. However, irrespective of the 
method used, the preparation of a suspension of colloidal microspheres is a 
prerequisite. To obtain a high-quality colloidal crystal, the suspension must meet the 
following requirements: (1) the colloidal particles are relatively stable in a reasonable 
time period, (2) the particles size is monodisperse, and (3) the solvent can totally 
evaporate upon the opal is formed. First, stability of the suspension is of importance 
because the coagulation of the spheres will result in the formation of structural defects, 
or even an amorphous structure. In particular when the sedimentation method is used 
(Míguez al., 1997), the colloidal suspension has to be stable for as long as days to 
months. Second, mono-dispersion of the colloids ensures that the opal has a 
homogeneous structure. Previous studies (Li and Zhang, 2001; Astratov et al., 2002) 
have proved that a polydispersity of high than 5% will destroy the ordered structure. 
Third, an evaporative solvent allows one to obtain bare opals easily and leaves voids 
for infiltration.  
As a template, the colloidal crystal will be infiltrated with other materials and 
then be removed finally. Thus, the physicochemical properties of the colloids must be 
taken into consideration. For example, chemical vapor deposition (CVD) of silicon 
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needs a high temperature of several hundred degrees Celsius (Vlasov et al., 2001), thus 
a thermally stable colloidal crystal is required.  
Polymer latexes including polystyrene (PS) and poly(methyl methacrylate) 
(PMMA) and silica spheres are the two kinds of colloids commonly used in a lab 
because of their ready availability. In this chapter, the synthesis and characterization of 
PS and silica spheres are discussed.  
4.1 Synthesis of polystyrene (PS) microspheres  
Because of their organic nature, low density and high ratio of surface charge to 
density, latex microspheres are widely used in self-assembly of colloidal crystals. 
Polymer matters can be removed simply by heat treatment or solvent extraction. The 
low density minimizes particle sedimentation while the high ratio of surface charge to 
density makes themselves be stable according to the DLVO theory.  
The polymer microspheres are normally prepared with the techniques of 
polymerization, including precipitation polymerization, suspension polymerization, 
dispersion polymerization, emulsion polymerization, and seeded polymerization 
(Arshady, 1992). Among these methods, emulsion polymerization is a favorite method 
to obtain monodisperse and micron-size polymer microspheres.  
4.1.1  Emulsion polymerization 
In this work, emulsion polymerization was used to synthesize PS microspheres. 
To obtain a wide range of sphere size, traditional emulsion polymerization (with 
emulsifier), emulsifier-free emulsion polymerization and seed polymerization were all 
attempted. The experimental results of the different polymerization methods are listed 
in Table 4.1. PS-SDS was prepared using emulsion polymerization. PS-1, 2, 3, 4 and 
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PS-70, 80 were synthesized using emulsifier-free emulsion polymerization method. 
The other five samples were obtained using seed polymerization.  
Table 4.1 Results of the polymerization of PS spheres 
 
Sample PS- SDS PS-1 PS-2 PS-3 PS-4 PS-70 
D (nm) 295  520 590 677 1000 480 
Sample PS-80 PS-31 PS-32 PS-33 PS-311 PS-321 
D (nm) Poly-dispersed 1100 1450 
Poly-
dispersed 2150 3920 
 
 
Effect of emulsifier. The SEM images of PS microspheres synthesized with 
(PS-SDS) and without (PS-3) emulsifier SDS under otherwise identical conditions are 
shown in Figure 4.1. It can be found that the sample PS-SDS has a diameter of 295 nm 
while in emulsifier-free emulsion polymerization the size of the spheres is 680 nm. 
This difference in size can be attributed to the reaction mechanism.  
 
    
 
Figure 4.1 SEM image of PS spheres fabricated with (A) SDS as emulsifier, and 
(B) without emulsifier.  
A B
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Figure 4.2 schematically shows the mechanism of emulsion polymerization. A 
typical emulsion polymerization system includes solvent, monomer, initiator and 
emulsifier. Normally the solvent is water while the monomer is a hydrocarbon. The 
emulsifier is a kind of surfactant that can form micelles in solvent, which is about 5 to 
10 nm. Under mechanical forces the monomer will form small drops and disperse in 
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At the beginning of polymerization, the initiator decomposes into free radicals, 
which can readily diffuse into the micelles where the monomer is swollen (Figure 
4.2A). When the reaction begins, the polymerization starts in the micelles with radicals 
and form nuclei. During the reaction, the monomer will diffuse from the solvent into 
the micelles to compensate the consumed monomer and leads to the insaturation of 
monomer in the solvent. Then the monomer will diffuse from the droplets into the 
solvent (Figure 4.2B). Because more and more monomer enters into the micelles, the 
size of the micelles increases. Thus those micelles without monomer will break up and 
the surfactant molecules will transfer to the surface of the nuclei (Figure 4.2C). Finally, 
both the monomer droplets and the micelles without nuclei disappear and the 
polymerization is completed. The emulsifiers adsorb on the surface of the polymer 
latexes, rendering them to suspend in the solvent steadily (Figure 4.2D). In this process, 
the spheres grow from the micelles of about 5 to 10 nm to several hundreds 
nanometers. In addition, the reactions happen in separate micelles and no coagulation 
will take place.  
However, in emulsifier-free polymerization (See Figure 4.3), the monomers 
dissolved in solvent are initiated by radicals of initiator to form water-soluble 
oligomers. When the chain length of the oligomers achieve to the critical length, they 
precipitate out of solvent. These oligomers adsorb radicals on their surface to stabilize 
in the solvent. However, the amount of the radicals per area is much lower than the 
surfactant on micelle surface in tradition emulsion polymerization. Thus, during the 
growth of the oligomers, they are easy to coagulate together. As a result, the final 
particle size will be much larger than that of emulsion polymerization.  
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Figure 4.3 Schematic illustration of mechanism of emulsifier-free emulsion 
polymerization. 
 
Effect of temperatures. In the experiment, reaction temperatures were varied 
from 60 oC, 70 oC to 80 oC. Their SEM images are shown in Figure 4.1B and 4.4. It 
can be seen that the sizes of microspheres decrease with the increase of the reaction 
temperature. This is in agreement with the findings of Shim and co-workers (1999). 
Temperature has effects on the solubility of the monomer in aqueous medium. Higher 
temperature results in a greater amount of monomer present in the aqueous medium 
and more oligomers are formed, which leads to more nuclei. Thus when the amount of 










































































Figure 4.5 The size distributions of PS microspheres synthesized at (A) 60 oC, (B) 
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Temperature also has effect on the particle size distribution. The size 
distributions of PS spheres obtained at different temperatures are shown in Figure 4.5. 
It was found that at 60 oC and 70 oC the size distribution is very narrow while spheres 
synthesized at 80 oC are of poor uniformity. That is because at higher temperature the 
spheres are of higher energy level, so they are easy to coagulate together.  
Effect of monomer concentrations. Figure 4.6 shows the SEM images of PS 
microspheres synthesized with monomer concentration of 6%, 8%, and 15%. And in 
Figure 4.1B the PS obtained from 10% monomer concentration is shown. It can be 
seen that the size of the spheres increased from 520 nm to 1000 nm with the increase 
of the monomer concentrations and the spheres are monodisperse. The change of the 
sphere size is because the increasing of the amount of the monomer will lead to the 
increase of the oligomers, which are coagulated to form larger sphere. However, the 
size of spheres cannot be increased infinitely by increasing the amount of the monomer. 
The high concentration of the monomer will result in serious coagulation and makes 
the reaction hard to control.  
 
   
 
Figure 4.6 SEM images of PS microspheres synthesized with monomer 
concentrations of (A) 6%, (B) 8%, and (C) 15%. 
A B C
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4.1.2  Seed polymerization 
In the emulsion polymerization, monodisperse PS spheres with size from 295 
nm to 1000 nm were obtained. However, microspheres larger than 1000 nm cannot be 
obtained with this method. Thus, to further increase the size of PS spheres, seed 
polymerization was conducted. In the reaction, the seed latexes were first swelled in 
the monomer and then the subsequent polymerization took place on the surface of the 
seeds, which led to the growth of the latex spheres. Shown in Figure 4.7 are SEM 
images of the PS spheres obtained by seed polymerization. Both samples PS-31 and 
PS-32 are synthesized with 677 nm PS spheres as seed. It can bee seen that the spheres 
grew to 1100 nm and 1450 nm separately. It can be concluded that by increasing the 
concentration of monomer the spheres can grow larger step by step. The size 
distributions of the spheres were also narrow. However, when the amount of the 
monomer was increased to 30 g, only polydispersed latex can be obtained. It is because 
when the concentration is very high, the reaction will take place not only on the latex 
surface but also in the solvent. As a result, two different sizes spheres were obtained 
(See Figure 4.7 C). With the PS latex PS-32 obtained from the seed polymerization as 
seed, the PS spheres can be grown further. As shown in Figure 4.7D and 4.7E, the 
microspheres can be increased up to 3920 nm and they still have a narrow size 
distribution.  
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Figure 4.7 SEM images of PS microspheres synthesized with see polymerization. 








4.2 Synthesis of silica microspheres 
Silica spheres can be dispersed in water or ethanol steadily and be easily etched 
by hydrofluoric acid solution. As a result, they have been widely used to fabricate 
colloidal crystals. The synthesis of the monodisperse silica spheres was first reported 
by Stöber and co-workers (1968) and it has been demonstrated to be the simplest and 
most effective method. Generally, alkoxysilanes (eg., TEOS) are used to prepare silica 
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Figure 4.8 Schematic illustration of reaction mechanism of TEOS under basic 
conditions (Chang and Ring, 1992). 
 
During the synthesis process, precise control of the hydrolysis conditions is 
required to avoid the production of polydisperse particles and agglomeration. However, 
TEOS reacts strongly with water, as a result, high concentration of water should be 
Hydrolysis 
Condensation 
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avoided and water should be distributed in the reaction solution as homogeneously as 
possible. Thus, a reaction medium is needed.  Alcohol is the common choices of the 
solvents because both organic reactant (TEOS) and inorganic catalyst (aqueous 
ammonia hydroxide) can mix homogeneously in alcohol.  
The type of catalysts, acidic or basic, has been considered as the most 
important factor in determining the mechanisms of silica growth.  These mechanisms 
are generally classified into two types such as cluster-cluster growth under acidic 
catalysts and cluster-monomer growth under basic catalysts (Kang et al., 2001).  
Hydrolysis occurs rapidly under acidic conditions, while under basic conditions, the 
rate of condensation is faster than hydrolysis. It has been found that only when 
ammonia is used as catalyst, spherical silica particles can be obtained. Thus ammonia 
can be taken as a morphological catalyst.  
In this experiment the modified Stöber method was used to synthesize silica 
spheres, in which the mixture of TEOS and ethanol was dripped in solution of 
ammonia and alcohol instead of mixing them at once. By manipulating the 
experimental conditions silica spheres of different sizes were obtained. The results are 
listed in Table 4.2 and their SEM images are shown in Figure 4.9. It can be seen that 
silica spheres with sizes range from 200 nm to 1200 nm can be obtained by varying the 
experiment conditions.  
Table 4.2 Results of the synthesis of silica spheres 
Sample SiO2-1 SiO2-2 SiO2-3 SiO2-4 SiO2-5 SiO2-6 SiO2-7 
D (nm) 220 340 440 590 710 890 1200 
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Figure 4.9 SEM images of silica microspheres synthesized with different conditions. 
(A) SiO2-1, (B) SiO2-2, (C) SiO2-3, and (D) SiO2-4. 
  
Shown in Figure 4.9A-D are SEM of silica spheres synthesized by mixing 
method and dripping method of different velocities. It can be seen that with mixing 
method the size of the spheres is much smaller than that of the dripping method. This 
result can be explained with the nucleation and growth mechanisms of the silica 
spheres. The formation of stable silica spheres can be viewed as a nucleation process 
followed by a growth mechanism (Bogush and Zukoshi, 1991). Nucleation describes a 
process in which super-saturated silicic acid condenses to form small silica nuclei 
(seeds).  It can be concluded that when small seeds are present in the reaction mixture, 
newly hydrolyzed TEOS will more likely condense on the surface of the existing seeds 
and contribute to growth process than forming new seeds since nucleation requires the 
concentration of silicic acid to be built up to a super-saturated level. Hence, the amount 
A B
C D
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of seeds formed in the initial stage of reaction is an important factor that determines 
the final size of silica spheres. Provided same amount of TEOS is hydrolyzed, the 
more the seeds are formed, the smaller the final diameter will be, as less material is 
available to each single seed. In dripping method, the seeds were formed mainly at the 
beginning of the addition process, i.e. from the first few droplets of TEOS. The 
majority of subsequent added TEOS was hydrolyzed to provide materials for seeds 
growth rather than to form new seeds. However, in mixing method, during the initial 
mixing of TEOS and ammonia hydroxide, much larger amount of TEOS was available 
for seeds formation than that in dripping method. Hence, more seeds were formed, 
which resulted in smaller final diameter of the silica spheres due to the limited TEOS 
resource. This explanation can also explain the phenomenon that with the decrease of 
the dripping velocity the size of the final spheres increases accordingly, the slower the 
velocity the fewer amounts of TEOS was added in the solution at beginning to form 
seeds. In addition, slow velocity also leads to relative long reaction period. During the 
experiment, Ostwald ripening will lead to the growth of larger spheres on the expense 
of the small spheres. Thus the final size of the spheres will increase with the decrease 
of the dripping velocity.   
Shown in Figure 4.10 is the SEM image fabricated with very high dripping 
velocity of 25.6 ml/h. It can be seen that the size distribution is wide and extremely 
small particles are presented. There are two possible reasons for the wide size 
distribution. One is pre-hydrolysis of TEOS in TEOS/ethanol drops before it reached 
the seed suspension due to the presence of evaporated ammonia hydroxide and water 
in the vapor phase. Another possible reason is the addition of TEOS was too fast so 
that the concentration of the silicic acid is higher than the critical self-nucleation 
concentration. And thus secondary nucleation occurs. In both cases, a new particle 
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(seed) generation would appear, thus “destroying” the monodispersity. Hence, the 
dripping method will perform much better at low concentration and dripping velocity 




Figure 4.10 SEM image of silica spheres prepared with high dripping velocity.  
 
It was also found from Figure 4.11A-C that with the increase of the amount of 
the TEOS the size of the silica spheres increased accordingly. The effects of the 
amount of the TEOS are in two aspects. On the one hand, TEOS is the silicic resource 
and more TEOS will lead to more reactant involve in the reaction. Because the number 
of the seeds is a constant, if the dripping velocities are same and the TEOS dripped in 
further will condense on these seeds, more TEOS will result in larger silica spheres. 
On the other hand, increasing the amount of the TEOS will also lead to a longer 
reaction time. During this period, Ostwald ripening will result in the growth of the 
larger spheres on the expense of the small spheres.    







Figure 4.11 SEM images of silica microspheres synthesized with different 








Monodisperse colloidal spheres are important building units for the colloidal 
crystals. The polymer and silica microspheres are the usually used colloids. In this 
chapter the synthesis of the PS and silica microspheres over a wide size range (200 
nm-3920 nm) were described. During the synthesis of PS spheres, it was found that by 
using emulsifier-free emulsion polymerization much larger PS spheres could be 
obtained than that of emulsion polymerization. The size of the PS spheres increased 
with the increase of the monomer concentrations. And high temperature led to the 
small spheres and wide size distribution. Seed polymerization can increase the size of 
the PS spheres effectively. Silica spheres were prepared with the modified Stöber 
method. It was found that by decreasing the feed velocity of TEOS the silica spheres 
could grow from 340 nm to 590 nm. In addition, the size of the silica spheres can also 
be increased by increasing the amount of the TEOS.  
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CHAPTER 5  
FABRICATION OF 3D PHOTONIC BANDGAP 
MATERIALS 
Photonic bandgap (PBG) materials, or photonic crystals (PCs), are an emerging 
family of optical materials that manipulate the behavior of photons in much the same 
way as crystalline semiconductors do for electrons (Yablonovitch, 1987; John 1987). 
Thus, they are envisioned to play a vital role in tomorrow’s photonic technology. 
Presently, one of the challenges in photonic technology is fabrication of three-
dimensional (3D) PCs with a complete PBG at the wavelength scale of visible light. 
Currently, there are two main fabrication strategies, namely “top-down” 
microfabrication (Yablonovitch et al., 1991; Aoki et al., 2003) and “bottom-up” self-
assembly (López, 2003). Although traditional microfabrication techniques, lithography 
and micromachining, offer a good control over one-dimensional (1D) and two-
dimensional (2D) structures (Thylén et al., 2004), they are time-consuming and costly 
and have trouble in making thick 3D periodic structures. The self-assembly approach, 
on contrast, affords 3D periodic structures in a controllable, simple and inexpensive 
way. Thus, recently there are remarkable advances in using self-assembly method to 
create 3D PCs (López, 2003; Arsenault et al., 2004; Xia et al., 2001). 
The self-assembly approach to 3D PCs involves three steps. First, colloidal 
microspheres are organized into a colloidal crystal (also known as opals) via a self-
assembly process. Second, a high RI material is infiltrated in the voids of the colloidal 
crystals. Third, the microspheres (template) are removed, leaving behind an ordered 
macroporous structure, namely an inverse opal. As the optical properties of the PCs are 
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tightly related with the structure, the quality of the template (colloidal crystals) and the 
infiltration ratio is extremely important. In this chapter, the fabrication of colloidal 
crystals was described. In addition, with the colloidal crystals as template the PCs of 
silica, organosilicas, carbon and titania were prepared.  
5.1  Fabrication of colloidal crystals with a FCVD method  
In the self-assembly method, the fabrication of high-quality colloidal crystals is 
extremely important in terms of fabrication of inverse opals with a full PBG (Vlasov et 
al., 2001). Up to now, several techniques have been successfully demonstrated for 
fabricating opals, such as membrane filtration (Velev et al., 1997), gravitational 
sedimentation (Van Blaaderen et al., 1997), vertical deposition (VD) (Jiang et al., 
1999a), and Langmuir-Blogett (LB) technology (Gu et al., 2002). 
Among them, the VD method (Jiang et al., 1999a) has gained a great deal of 
attention as it can control the thickness and surface morphology of the colloidal 
crystals. In this method, a substrate is placed vertically in a colloidal suspension. With 
the evaporation of the solvent the liquid surface moves down and a thin layer of 
colloidal particles forms on the substrate. Although this method has been proven 
workable for the growth of colloidal crystals, there are a number of problems such as 
lack of uniformity of the deposited film along the solvent-evaporation direction and 
inefficiency in assembling of large domain colloidal spheres. 
In the past few years, some improvements on this method have been described 
(Vlasov et al., 2001; Griesebock et al., 2002; Goldenberg et al., 2002, Wong et al., 
2003). Vlasov and co-workers introduced temperature gradience to produce convective 
flow in order to minimize particle sedimentation. Wong et al. further improved this 
method by using a convected flow to fabricate large silica spheres into ordered 
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structure (Wong et al., 2003). The convected flow was also applied to the PS spheres 
(Griesebock et al., 2002; Goldenberg et al., 2002). Because the density of the PS 
colloidal crystals is lower than that of the water, the opal could be formed on the 
surface of the water. Gu et al. (2002) described a device for fabrication of opal films 
by lifting the substrate out of the colloidal suspension.  
In the course of this thesis work, an improved VD method, namely flow-
controlled VD (FCVD) method (Zhou and Zhao, 2004), which is based on the LB 
technique, was developed. The schematic illustration of the setup is shown in Figure 
2.15. By controlling the dropping velocity of the liquid surface, concentration of the 
suspension, and particle size of spherical colloids, it has been able to fabricate colloidal 
crystals of large domains with a controllable and uniform thickness. Shown in Figure 
5.1 are the photographs of two colloidal crystals fabricated on glass substrates using 
the FCVD method. It can be seen that the colloidal crystals display irradiant colors of 
red and blue, respectively, showing the presence of ordered structures. It should be 
noted that the colors are uniform throughout the whole samples, indicating long-range 





Figure 5.1 Photographs of colloidal films fabricated with PS spheres of (A) 280 
nm and (B) 220 nm using the FCVD method. 
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In traditional LB technique, a monolayer is first formed on the liquid surface of 
a colloidal suspension, followed by deposition on the surface of a solid substrate 
during withdrawal of the substrate. Multilayer films of polymer spheres have been 
recently fabricated at elevated temperatures using the LB method (Griesebock et al., 
2002; Goldenberg et al., 2002). On the other hand, VD method describes that colloidal 
spheres are dispersed evenly in a solvent and an ordered structure forms with the 
withdrawal of a solid substrate because of the formation of a liquid meniscus. In the 
VD process, the concentration of the colloidal suspension increases with the 
evaporation of the solvent, resulting in variable thickness of the resultant colloidal 
arrays along the evaporation direction. In addition, the VD method requires a relatively 
long period of time because of slow solvent evaporation, which results in 
sedimentation of the colloidal particles, leading to inefficiency of self-assembly, 
particularly for large particles. Improvements have been reported by some research 
groups such as the dipping method described by Dimitrov and Nagayama. (1996) and 
Gu et al. (2002). However, the FCVD method has a number of advantages over the 
previously reported improved VD methods. First, in the FCVD method the relative 
motion between the colloidal suspension and the substrate is manipulated by 
decreasing the liquid surface with the help of a peristaltic pump, not involving any 
complex facilities. Second, because the substrate is fixed in the colloidal suspension, 
the shaking problem during lift-up of the substrate can be avoided. Third, in the 
dipping method the lift-up speed of the substrate is solely controlled by the motor. 
However, in the FCVD method, the dropping velocity of the liquid surface (Vs) (here 
the evaporation of the solvent can be ignored as the vessel is capped) is determined by 
the pumping flow rate (Q) and the cross area of the container (S), namely Vs = Q/S. As 
a result, by using a common peristaltic pump the dropping velocity of the liquid 
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surface can be easily controlled. For example, the smallest velocity that can be 
achieved in the FCVD method is 23.6 nm/s while it is 100 nm/s in the dipping method 
(Gu et al., 2002). Finally, as the peristaltic pump can maintain a constant flow rate of a 







Figure 5.2 SEM images of PS colloidal crystals formed by using (A) 
conventional VD method and (B) and (C) FCVD method. Microspheres with a 
diameter of 500, 500 and 1500 nm were used in A, B and C, respectively.  
 
Figure 5.2 shows the SEM images of PC fabricated by using conventional VD 
method and FCVD method. With VD method, there is increase of the number of layers 
as indicated by the arrow due to the raising of the concentration. Figure 5.2B and C 
show the SEM images of 3D colloidal crystals fabricated from PS spheres of 500 and 
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1500 nm using the FCVD method. It can be seen that the thickness of the film is 
uniform over large domains. In addition, the films can be fabricated with 1500 nm 
spheres while it is impossible to fabricate PCs from such large particles by using 
conventional VD method. Because a fast liquid surface dropping velocity can be 
achieved by using the FCVD method, concentration gradient of the colloidal particles 
due to sedimentation can be substantially minimized.  
The cross-sectional SEM images of colloidal crystals fabricated from PS 
spheres of different sizes are shown in Figure 5.3A-D. The number of particle layers 
against the inverse particle diameter (d) is plotted in Figure 5.4. It can be seen that the 
number of particle layers decreases with increase in the diameter of the spheres. In 
other words, the product of the diameter and the number of layers, namely the 






Figure 5.3 SEM images of PCs fabricated with the FCVD method using PS 
spheres of (A) 560, (B) 670, (C) 1000, and (D) 1500 nm.  
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In study of self-assembly of colloidal spheres into two-dimensional (2D) arrays 
on a solid substrate using the LB technique, Dimitrov and Nagayama (1995) derived a 
mathematic model to describe the formation of 2D arrays:  




jLk e      (5.1) 
where k is the layer number, β is a constant depending on particle-particle and particle-
substrate interactions, L is the evaporation length, d is the particle diameter, φ is the 
particle volume fraction of the colloidal suspension, and VW is the withdrawal velocity 
of the substrate, which is equal to the growth rate of the k-layer array, VC, under the 
experimental conditions described by the authors (Dimitrov and Nagayama, 1995). By 
optimization of the model, the authors were able to fabricate monolayer film. Here, 
Equation (5.1) was used to understand the observed relationship between the thickness 
of colloidal arrays and colloid diameters. However, under the experimental conditions, 
VW in Equation (5.1) is replaced by the dropping velocity of liquid surface VS. It can be 
seen from Figure 5.4 that the experimental data are in good agreement with Equation 
(5.1) in the whole range of the particle sizes studied in this work. 











Figure 5.4 Number of layers versus inverse particle diameter. Volume fraction φ 
= 1%; pumping flow velocity VP = 260 nm/s. 
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Figure 5.5 shows the optical transmission curves of the PCs fabricated with PS 
spheres of 560, 670, and 1000 nm (because of the limitation of the wavelength range of 
the spectrophotometer, transmission spectrum of the sample fabricated with 1500-nm 
PS spheres was not measured). It can be seen from Figure 5.5 that the PCs display 
bandgaps at different wavelengths, which are dependent on the colloidal sphere sizes, 
confirming the highly ordered 3D lattices.  
 



















Figure 5.5 Optical transmission curves of the PCs fabricated by using PS spheres 
with diameters of (A) 560, (B) 670, and (C) 1000 nm. 
 
Because the diameter of the PS spheres is known, the Bragg’s Law combined 
with Snell’s Law in Equation (5.2) can be used to calculate the position of the 
reflectance peak of the colloidal crystal fabricated from the PS spheres (Schroden et al., 
2002).  
2/122
max )sin(2 θλ −= avghkl nd     (5.2) 
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where λmax is the wavelength of the peak, dhkl is the lattice constant, navg is the average 
RI of the materials, θ is the angle between the incident light and the surface normal of 
the sample. The average RI of the materials can be obtained with Equation (5.3).  
∑=
i
iiavg nn ϕ      (5.3) 
where ni and φi are the RI and volume fraction of component i in the material (the RIs 
of PS and air were taken as 1.59 and 1 respectively.). For a macroporous materials 
with an fcc structure, the interplanar spacing (dhkl) for each set of (hkl) diffraction 









=    (5.4) 
As the surface of the samples is predominated by (111) face, the lattice 
constant can be calculated with Equation (5.5).  
Ddd 2/1111 )3/2(==     (5.5) 
where D is the diameter of the PS spheres. The calculation showed that the reflectance 
spectra of the bare opal should be at about 1310, 1570 and 2350 nm, which is in good 
agreement with the experimental results shown in Figure 5.5.  
Further investigation was carried out to find out the relationship of the layer 
numbers with particle volume fraction. Figure 5.6 shows the side view of the SEM 
images of the particle films formed with different volume fractions. It is seen that 
when a volume fraction of 0.2% was used, an incomplete monolayer formed (Figure 
5.6A). In the volume fraction range of 0.5 – 3%, fairly good films of increased 
thickness with increasing volume fraction were obtained (Figure 5.6B-D), which 
agrees very well with Equation (5.1) (See Figure 5.7).  
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Figure 5.6 Side view of the SEM images of PCs fabricated by using the FCVD 
method with different particle volume fractions: (A) 0.2%, (B) 0.5%, (C) 2%, 
and (D) 3%. Particle diameter d = 560 nm, pumping flow velocity VP =260 nm/s. 
 
 










Figure 5.7 Number of colloid layers versus volume fraction. Particle diameter d 
= 560 nm, pumping flow velocity VP = 260 nm/s. 
 
110 
Chapter 5. Fabrication of 3D photonic Bandgap Materials 
Simply by adjusting the flow rate of the peristaltic pump, it was able to control 
the number of colloidal particle layers as revealed by the SEM images shown in Figure 
5.8. In conventional VD method, the evaporation velocity je and the array growth 
velocity Vc are assumed to be identical because the liquid dropping velocity is solely 
determined by solvent evaporation (Jiang et al., 1999a). However, under the 
experimental conditions, not only the evaporation of solvent but also the pumping flow 
velocity induces the decrease in liquid surface.  
 





Figure 5.8 Side view of SEM image of PCs fabricated by using FCVD method 
with different pumping flow velocities VP: (A) 23.6, (B) 78.6, and (C) 180 nm/s. 
Volume fraction φ = 1 %, particle diameter d = 560 nm. 
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jLk                                               (5.6) 
Equation (5.6) shows that increasing the ratios of Vp/je will result in decrease in k. This 
is supported by the experimental data shown in Figure 5.8. As can be seen by 
increasing pump flow velocity the number of layers was decreased. Thus, maintaining 
an appropriate ratio of V /jp e is important for the formation of PCs of a given number of 
layers. These data also show that by controlling the pump flow velocity, the thickness 
of the PCs can be controlled.   
As can be seen from Figure 5.9, the plot of the layer number against the reverse 
pump flow velocity is no longer linear. It is understood that when Vp is much larger 
than je, the curves becomes linear, which means the effect of je on the liquid surface 
dropping velocity of the colloidal suspension can be ignored. When Vp is comparable 
to je, the later must be considered, which leads to the departure of the curve.     













Figure 5.9 Number of colloidal layers versus inverse pump flow velocity. 
Volume fraction φ = 1%, particle diameter d = 560 nm. 
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All parameters in Equation (5.6) can be experimentally determined except for 
the evaporation length L. Substitution of parameters d, VS, φ, β, k and je into Equation 
(5.6) allowed us to obtain L, which was in the range of 2200-2500 nm. If one considers 
experimental errors, an average L value of 2350 nm can be taken. This value is much 
larger than that obtained by Jiang et al. (1999a), which was about 300 nm. It is 
believed that the inconsistency of the L values observed by different research groups is 
due to the use of different colloid-solvent systems, as well as the different 
experimental conditions.  
Large spheres are important in fabricating PCs with a bandgap at technological 
important wavelength such as 1500 nm, which is important in the applications of 
telecommunications (Busch and John, 1998). Thus to obtain large spheres water 
instead of ethanol was used as solvent. The use of water solvent is practically 
significant because (1) water does not have a swelling effect on PS spheres so that the 
colloidal suspension can be recycled and reused, (2) water is a readily available and 
environmentally friendly solvent, and (3) water has a higher density and a larger 
surface tension than that of ethanol, thus large colloidal particles can be used without 
provoking remarkable particle sedimentation and concentration gradient.  
Figure 5.10 shows the SEM images of colloidal crystals fabricated from PS 
spheres in water with diameters of 1000 and 2000 nm, respectively. It can be seen that 
the colloidal crystals all display a uniform thickness. In addition, compared with the 
PS-ethanol system shown in Figure 5.3C, the colloidal crystals fabricated in PS-water 
system with 1000 nm PS spheres have more layers under otherwise identical 
conditions (8 layers in water and 4 layers in ethanol). This can be understood with the 
help of the Equation (5.6). Apparently, k will decrease if water is used as a solvent 
because the evaporation rate of water is slower than that of ethanol under otherwise 
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identical conditions. The evaporation rates of ethanol and water measured under the 
experimental conditions are about 310 and 130 nm/s, respectively. As a result, if only 
the factor of solvent evaporation is considered, replacing ethanol with water will result 





     
B 
Figure 5.10 Colloidal crystals fabricated with FCVD method from PS-water 
system with a volume fraction of 1% at 30 oC. (A) The diameter of the PS 
spheres was 1000 nm and the liquid surface dropping velocity was 260 nm/s. (B) 
The diameter of the spheres was 2000 nm and the liquid surface dropping 
velocity was 1600 nm/s. 
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However, according to Equation (5.5) k is dependent upon L as well, which is 
determined by the surface tension of the colloidal suspension. This can be explained 
with the Equation (5.7) and (5.8) (Dimitrov and Nagayama, 1996),  
)()( hccp PPPP +−+Π=Δ      (5.7) 
ewf Ljjh =                              (5.8) 
where ΔP is the pressure gradient from the suspension toward the wetting film, 
which produces a solvent influx jw from the bulk suspension toward the wetting 
suspension film, Π is the sum of van der Waals and electrostatic disjoining pressures 
for the suspension wetting films on the substrate plate, Pcp is the capillary pressure due 
to the curvature of the liquid surface between neighboring particles in the particle film, 
Pc is a reference capillary pressure, Ph is the hydrostatic pressure in a vertical film, hf is 
the thickness of the wetting film at the height of the array’s leading edge, which is 
usually slight smaller than the thickness of the particle arrays and je can be taken as 
constant under the same experimental conditions. In Equation (5.7), with a given 
height of the film the terms in the second bracket stay almost constant. However, with 
the increase of the surface tension, the Pcp increases accordingly, which leads to the 
enhancement of the pressure gradient ΔP and the solvent influx jw. And according to 
Equation (5.8), L is proportional to the influx jw. As a result, high surface tension 
results large value of L. It is known that water has a higher surface tension than ethanol. 
Thus, the combination of the effects of the two parameters, surface tension and 
evaporation rate, led to the thicker layer of PS colloidal crystal films when water was 
used as the solvent. 
Although the surface tension is an important factor which affects the thickness 
of colloidal crystals in vertical deposition method, only a few studies have been 
conducted on this factor. Marquez and Grady (2004) studied the roles of spreading 
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agents (i.e., sodium dodecyl sulfates (SDS), polyacrylamide and octylphenoxy 
poly(ethyleneoxy) ethanol) in the formation of 2D arrays of latex spheres via 
Langmuir-Blodgett technique. Here surfactant sodium dodecyl sulfates (SDS) was 
used to change the surface tension of PS-water suspensions to determine the effect of 
surface tension on k. In the research of Marquez and Grady (2004), to form ordered 2D 
array high concentrations of (SDS) (34.7-52.1 mM) are used, which is much higher 
than the critical micelle concentration (CMC) of SDS (8.3 mM). However, when such 
a high concentration of SDS was used in fabricating colloidal crystals, the clusters of 
SDS were formed during the experiment as indicated with arrow in Figure 5.11, which 
could destroy the periodicity and surface morphology of the colloidal crystals. In 
addition, the surface tension of the water will not decrease further when the 
concentration of the SDS is higher than CMC. Therefore, in the experiment the highest 
concentration of SDS was CMC 8.3 mM. The SEM images of the colloidal film 
obtained under different concentrations of SDS is shown in Figure 5.12 and the 
experimental number of colloidal crystal layers against surface tension is plotted in 
Figure 5.13. It is seen that the number of layers is proportional to the surface tension of 
the suspension. With this experimental results we can evaluate the effects of solvents, 
water and ethanol, more precisely. The surface tension of ethanol is about 22.2 mN/m. 
Extrapolated from the plot of Figure 5.13, the number of the layers of the colloidal 
crystal is 1.35 when the surface tension is 22.2 mN/m. Because the colloidal crystal 
fabricated with pure water as solvent has 8 layers, by replacing water with ethanol, the 
number of layers can be decreased to about 5.9 times if only the effect of surface 
tension is considered. When both effects of solvent evaporation rate and surface 
tension on the number of colloidal layers are considered, it can be estimated that the 
use of water as a solvent can produce a thicker colloidal crystal film than that of 
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ethanol under otherwise identical conditions (about 2.5 times thicker), which is almost 
consisted with the experimental result (2 times).  
 
 






                         
 
Figure 5.12 (A)-(D) SEM images of colloidal crystal of 1000 nm PS spheres fabricated 
with SDS concentration of 0, 3.6, 5.4 and 8.3 mM respectively.  
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Figure 5.13 Number of colloidal crystal layers versus surface tension. Volume 
fraction: 1%; pumping flow velocity: 260 nm /s; particle diameter: 1000 nm; 
temperature: 30 oC. 
 
With ethanol as a solvent the largest size of PS colloidal spheres that can be 
assembled into colloidal crystals is about 1500 nm. This limitation is mainly due to the 
relatively fast sedimentation of PS spheres in ethanol. In this work, when water was 
used as the solvent, it can be seen from Figure 5.10B that PS spheres as large as 2000 





2 gdV ws −=      (5.9) 
where V is the deposition velocity, d is the diameter of the particles, ρ is the density, g 
is the acceleration of gravity and η is the viscosity of the solvent. Both the viscosity 
and the density of the solvent in a colloidal system affect the sedimentation velocity of 
the colloidal particles. Because at 30oC the density of water (0.996 g/mL) is large than 
that of ethanol (0.781 g/mL) while its viscosity (0.00797 g/cm/s) is slightly lower than 
that of ethanol (0.0101 g/cm/s), PS spheres deposit at a slower rate in water in water 
than in ethanol. In other words, it becomes more efficient to grow colloidal crystals in 
water than in ethanol. In the experiment, monolayer film was also fabricated by using 
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both low volume fraction of colloidal spheres and low concentration of SDS was used 
as shown in Figure 5.14. It is because the presence of surfactant SDS in PS colloidal 
suspension reduced the effect of osmotic pressure (Im et al., 2003), so uniform 
monolayer can be obtained. 
 
 
Figure 5.14 Monolayer of 1000 nm PS spheres fabricated with PS volume 
fraction of 0.25% and SDS concentrations of 3.6 mM. 
5.2  Fabrication of inverse opals  
5.2.1  Silica inverse opals 
While growing colloidal crystals is important, a complete infiltration of the 
voids of the colloidal crystals fabricated in the first step is also significant because the 
presence of a photonic band gap is closely related to the air volume fraction of the 
inverse opal (Busch and John, 1998). On the other hand, control over the surface 
morphology of an infiltrated colloidal crystal is also of significance in many 
technological fields such as design and fabrication of plane defects (Palacios- Lidón et 
al., 2004; Tétreault et al., 2004), synthesis of 3D-2D-3D hybrid structure (Chutinan 
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and John, 2004), and creation of surface patterning for subsequent nanofabrication 
(Lee et al., 2004, Jiang et al., 2004). 
Because opals can only form pseudo gaps (Sözüer and Haus, 1992), they have 
limited applications in photonic technology. However, by infiltration of the colloidal 
crystals with a secondary material of high RI, followed by removal of the colloidal 
spheres, an inverse opal with a complete PBG can be obtained (Vlasov et al., 2001; 
Blanco et al., 2000). The experimental data have shown that the FCVD method can 
also be used to infiltrate an opal to make an inverse opal. To demonstrate, here the 
infiltration of silica was used as an example because silica can be easily processed and 
integrated with the current electronic devices like silicon-on-insulator. In addition, the 
transparence of silica in the visible and near IR ranges makes it suitable for optical 
communication applications (Palacios- Lidón et al., 2004).  
Figure 5.15 shows the SEM images of PS colloidal crystal after one-time 
infiltration of silica. It can be seen that the crystal is filled with silica uniformly and the 
ordered structure is intact after infiltration, suggesting the feasibility of the FCVD 
method for infiltration of opals. In the course of the fabrication process, because the 
substrate was fixed in the silica sol container while the liquid surface was lowered with 
the help of a peristaltic pump instead of withdrawal of the substrate that is used in 
traditional dip-coating method, the problem of forming a liquid congregation down on 
the bottom of the substrate can be avoided. Thus, the infiltrated silica is uniform in 
thickness throughout the whole substrate. Another observation is the ordered silica 
pattern formed on the region of the glass substrate where PS spheres were stripped off. 
The pattern was formed between the bottom layer of PS spheres and the substrate 
because of a better compatibility of the glass substrate with silica than with PS spheres. 
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Figure 5.15 SEM image of PS colloidal crystal after one-time infiltration with silica 
using FCVD method.  
 
 
The optical reflectance spectra of the colloidal crystal and the silica-infiltrated 
composites are shown in Figure 5.16. Because the diameter of the PS spheres is known, 
the Bragg Equation given in Equation 5.2 can be used to calculate the position of the 
reflectance peak of the colloidal crystal fabricated from the PS spheres. The calculation 
showed that the reflectance spectra of the bare opal should be at about 1360 nm, which 
is in good agreement with the experimental result 1320 nm. The slight difference is 
due to particle shrinkage during the annealing process. Nevertheless, the experimental 
value, 1320 nm, was used to estimate the actual sphere size in the infiltrated colloidal 
crystals, which is 560 nm. It was obtained that after one-time and four-time 
infiltrations, the positions of the reflectance peaks were at 1390 and 1410 nm, 
respectively. The calculated value 1420 nm is very close to the measured value of the 
sample after four-time infiltration, indicating a complete infiltration of the colloidal 
crystals. Although the other three infiltrated samples all display a peak at the 
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wavelength position less than 142 nm, the differences are insignificant, indicating that 

























Figure 5.16 Optical reflectance spectra of a colloidal crystal fabricated with PS 
spheres of 580 nm in diameter after annealing (A) and after infiltration with 
silica for one (B), two (C), three (D) and four times (E). 
 
The process of using the FCVD system for infiltration of opal with a silica 
precursor is illustrated in Figure 5.17. Shortly after soaking of the colloidal film into 
the silica precursor solution, the voids between the PS spheres are filled with the 
solution completely due to the strong capillary force induced by the small voids. In the 
meantime, a wedge-shaped thin liquid film is formed on the surface of the colloidal 
crystal induced by evaporation-induced force, capillary force and gravity (Brinker and 
Hurd, 1995). Evaporation of the solvent from this liquid film leads to a gradual 
concentrating of the silica inorganic species, resulting in an increase in viscosity. With 
continuous lowering down of the liquid surface, the liquid film moves down as well. 
Therefore, the top part of the colloidal crystal film emerges from the liquid solution as 
shown in Region I of Figure 5.17. However, in this region the solution can still hold in 
both the interior and surface voids of the colloidal crystal due to capillary force and 
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increased viscosity. With further evaporation of the solvent, gelation of silica sol takes 
place, especially for the sol soaked in Region I because it directly contacts with air. In 
the experiments, due to the low concentrations of TEOS used (14 vol.%), considerable 
shrinkage of the infiltrated silica material occurred, resulting in vacancies in the voids. 
However, as long as the colloidal crystal is immersed in the silica sol, the liquid can 
take over the vacancies due to capillary force. Such a process continues until there is 
no more contact between the colloidal crystal and the silica solution. As a result, in 




Figure 5.17 An illustration of the FCVD method for infiltration of opal.  
 
The above discussion is supported by the reflectance spectra shown in Figure 
5.15, which shows that with only one-time infiltration the peak position, 1390 nm, is 
close to that of the completely infiltrated sample, 1420 nm, indicating a high 
infiltration ratio. It can also be concluded that a long contact time between the colloidal 
crystal and the silica solution can lead to a high infiltration ratio. Therefore, a slow 
liquid surface dropping velocity is important to enhance the high infiltration ratio. 
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The experiments using liquid dropping velocity from 500 to 5000 nm/s were 
also carried out. The peak positions and the infiltration ratios of the silica after once 
infiltration, which were calculated from Equation (5.2), (5.3) and (5.4), are listed in 
Table 5.1. It can be found that with the increase of the velocity, the infiltration ratios 
are decreased. It can be concluded that a long contact time between the colloidal 
crystal and the silica solution can lead to a high infiltration ratio. Therefore, a slow 
liquid surface dropping velocity is important to enhance the infiltration ratio. 
Table 5.1 Reflectance peak positions and volume fractions of silica for infiltrated 
opals with different surface dropping velocities 




Volume fraction of 
silica (%) 
500 1400 21.6 
1000 1390 19.2 
2000 1370 14.2 
5000 1340 6.70 
* The volume fraction of PS spheres was taken as 74%.  
To obtain uniform surface morphology of the infiltrated opal, CVD has been 
developed and proved successful (Palacios- Lidón et al., 2004; Tétreault et al., 2004; 
Míguez et al., 2002a). However, in this method a complex device is needed. In 
addition, the precursor SiCl4 is a kind of hazardous chemical. To find a replaceable 
method, the apparatus of FCVD was used to infiltrate the colloidal crystals with silica. 
Figure 5.18 A-D shows the top views of PS colloidal crystals after infiltration 
of silica with different times, together with schematic illustrations of side views. It is 
seen that after one-time infiltration, the surface morphology is the same to that of the 
PS colloidal crystal (See Figure 5.18). After three-time infiltrations, it is clearly seen 
that the interstitials among the spheres are fully filled (See Figure 5.18B). After four-
time infiltrations (See Figure 5.18C), the PS spheres are seen as separated islands 
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embedded in a silica matrix. With eight-time infiltrations, a smooth silica layer on the 
surface of the colloidal crystal formed (See Figure 5.18D). With the help of the inset 
illustrations it can be understood that silica “grows up” from the bottom to the top with 
the increase of the infiltration cycles. However, the reflectance spectra in Figure 5.16 
demonstrate that after once-time infiltration the colloidal crystal are almost fully filled 
with silica. Thus, it can be concluded that the “bottom-up” growing model is 
applicable to the top layer only. As shown in Region I of Figure 5.17, after the 
colloidal crystal leaving the liquid phase, there still has precursor solution holding in 
the surface voids. However, no silica is found on the surface of the colloidal crystal 
after the sample was dried (See Figure 5.18A). The possible explanation for the 
disappearance of the solution in the surface voids is illustrated in Figure 5.19. On one 
hand, the solvent in the surface voids will evaporate away, which leads to the 
shrinkage of the volume of the solution. On the other hand, the shrinkage happens to 
the precursor solution in the interior voids as well. As discussed above, when the 
colloidal crystal leaves the liquid completely, no more supplements can be obtained 
from the solution. As a result, there will be vacancies formed in the interior voids and 
the precursor in the surface voids will be sucked into these vacancies. With more 
infiltration cycles, the interior voids can be fully filled. Under such a circumstance, the 
precursor solution in the surface voids can be intact (See Figure 5.18B and C). With 
further infiltration, the surface voids are fully filled to form a silica layer on the surface 
of the colloidal crystal. As a result, by manipulating infiltration cycles, the surface 
morphology can be precisely controlled from opal-like surface to a uniform silica layer.    
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Figure 5.18  SEM images of the surface morphologies of PS colloidal crystals 
after different times of silica infiltration: (A) one, (B) three, (C) four, and (D) 
eight times. The insets are side-view illustrations. 
      
   
Figure 5.19 Illustration of disappearance of precursor in the surface voids. 
 
After removing the PS spheres of the infiltrated colloidal crystals with toluene, 
ordered macroporous silica films are obtained. Shown in Figure 5.20 are the SEM 
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images of the silica films prepared with one-, three- and four-time infiltrations of silica 
viewed from different faces. It can be seen that the surfaces of the films are uniform 
and smooth. These SEM images also reveal that increasing infiltration cycles increased 
the solid volume fraction. The optical reflectance spectra are shown in Figure 5.21 and 








Figure 5.20 SEM images of the surface morphologies of PS colloidal crystals 
after different times of silica infiltration: (A) one, (B) three, (C) four, and (D) 
eight times. The insets are side-view illustrations. 
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Figure 5.21 Optical reflectance spectra of silica inverse opals with (A) one-, (B) 
two-, (C) three-and (D) four-time infiltration. 
 
When infiltration was carried out using the FCVD setup without a cap to cover 
the vessel, an inverse opal with an interesting surface morphology was obtained as can 
be seen from Figure 5.22. A silica ring is seen between two air holes as indicated by 
the arrows in Figure 5.23A and B. The locations of these rings are just the places 
where two PS spheres were connected in the colloidal crystal template. However, such 
rings are only seen on the surface but not in the interior. Further experimental results 
showed that the formation of such ring structures is independent on template removal 
methods (calcinations or solvent etching). It is believed that the formation of the ring-
like structure is related to hydrolysis and drying conditions. When the colloidal crystal 
moves out from the precursor solution as illustrated in Figure 5.17, the colloidal crystal 
holds the precursor in both the surface voids and the interior voids of Region I. In an 
open system, the hydrolysis and condensation of TEOS take place faster than in a 
closed system because ethanol is released more efficiently and the precursor contacts 
with air directly. Because the corner around the contact point of two neighboring 
spheres has a very small contact angle, the concentrated precursor solution will 
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congregate at the corner due to strong capillary force as illustrated in Figure 5.24B. In 
addition, in the open system, the precursor solution in the surface voids solidifies much 
faster than that in the interior voids. In other words, the interior voids are fully filled 
with the precursor solution during the solidification of the precursor in the surface 
voids, preventing sucking of the precursor solution from the surface voids to the 
interior voids. Thus when the precursor solidifies completely, the silica rings will form 
at these sites as can be seen from Figure 5.23C. The area enclosed by three PS spheres 
is triangular in shape as illustrated in Figure 8B, that can be observed from Figure 
5.23A. Shown in Figure 5.23D is an enlarged SEM image of the patterned surface 
viewed along (100) face. As indicated by the arrows, in addition to a ring, a double-
layered shell can also be seen. The formation mechanism of these two structures can be 
explained with the enlarged illustrations in Figure 5.24C. Because the corner around 
the contact point of two neighboring spheres is formed by two spherical surfaces, the 
distance between these two surfaces increases from the contacted point to the outer 
space. As a result, if the amount of the precursor isn’t enough, it can only fill in the 
inner part of the corner and appear as single layer. However, if more silica is available, 
it will grow along the spherical surfaces and double-layer shell will be obtained due to 
the increased distance. 
 
A B
Figure 5.22 Low-magnification SEM images of an inverse silica opal with rings 
on surface viewed along (A) (111) face, and (B) (100) face. 
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Figure 5.23 SEM image of an inverse opal with a ring-like surface morphology 
viewed from (A) (111) and (B) (100) faces, respectively. (C) SEM image of 
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5.2.2 Organosilica inverse opals 
The combination of inorganic and organic properties at the molecular level in a 
nanocomposite material offers a great opportunity in the development of 
multifunctional hybrid materials for emerging applications (Sanchez et al., 2001). 
Organosilicas are a family of such hybrid materials that have been available for many 
years (Loy and Shea, 1995). To broaden their application areas and to strengthen their 
application potentials, a great deal of research interest has recently been directed 
towards the synthesis of ordered porous organosilicas (Wight and Davis, 2002; Stein et 
al. 2000; Sayari and Hamoudi, 2001). However, organosilicas with ordered pores of 
micrometer size have not been available, yet they are strongly desired in applications 
such as biosensor (Howorka et al., 2001), DNA analysis (Li et al., 2001) and low 
dielectric constant films (Sugahara, 1999; Lu et al., 2000).  
Template synthesis has been used to make macroporous materials with ordered 
pore structure (Holland et al., 1998; Imhof and Pine, 1997). Here, for the first time, the 
preparation of ordered macroporous organosilicas (OMOSs) was demonstrated by 
using self-assembled polystyrene (PS) spheres as the template. PS spheres of uniform 
size were fabricated into face-centered cubic crystals with sedimentation method and 
flow-controlled vertical deposition (FCVD) method (Zhou and Zhao, 2004). The voids 
between the spheres were infiltrated with precursors of organosilicas, including 1,2-bis 
(triethoxysilyl) methane (BTEM), 1,2-bis (triethoxysilyl) ethane (BTEE), and 1,2-bis 
(triethoxysilyl) ethylene (BTEEY) or their hydrolyzed products. Removal of the PS 
spheres by organic-solvent washing left behind OMOSs. The samples prepared from 
the three silsesquioxanes are designed as OMOS-BTEM, OMOS-BTEE, and OMOS-
BTEEY, respectively.  
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Figure 5.25 shows the scanning electron microscopy (SEM) images of the 
annealed PS crystal and the OMOS-BTEE templated by the PS crystal. Face-centered 
cubic (fcc) structure of the PS crystal is seen from both the colloidal crystals and the 
macroporous organosilica and the ordered structure is kept over a larger area. It is also 
seen that the PS spheres were connected each other via small necks, which were 
formed during the annealing process. These necks provided the transport channels 
during the removal of the opal by solvent dissolving. They were also the originator of 







Figure 5.25 SEM images of (A) colloidal crystal assembled from PS spheres of 
1500 nm after annealed at 110 oC for 10 min, (B) OMOS-BTEE of large bulk.  
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Shown in Figure 5.26 are OMOSs fabricated with different silsesquioxanes. 
The three OMOS samples all display a fcc structure, which can be observed from the 
(100), (111) and (110) facets, showing a successful structure replication from the PS 
template. In addition, from Figure 5.26B we can seen that the air holes have a diameter 
of about 1350 nm, which is fairly consistent with the diameter of the PS spheres (1500 
nm) (Figure 5.25A). The slight smaller diameter of the holes than that of the PS 
spheres may be due to the condensation of hydroxyl groups of the organosilicate 
networks during the processes of removal of PS spheres and drying. As the pore sizes 
of the OMOSs are directly templated from the PS opals, by varying the diameters of 
PS spheres, OMOSs with different pore sizes can be obtained. As shown in Figure 
5.27A and B, the pore size can be decrease to 800 nm and 200 nm.  






Figure 5.26. SEM images of (A) the (100) face of OMOS-BTEM, (B) the (111) face of 
OMOS-BTEEY, (C) the (110) face of OMOS-BTEE.  
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Figure 5.27 SEM images of OMOS-BTEEs with pore diameters of (A) 800 and 
(B) 200 nm. 
 
Shown in Figure 5.28 are the derivative TGA (DrTGA) curves of the OMOS 
samples under nitrogen atmospheres, together with that of the PS spheres used as the 
template. The peak observed at about 70 oC corresponds to the loss of physically 
adsorbed water and other gaseous phases. The very broad peak centered at about 200 
oC is due to the loss of hydrogen-bonded water, as well as dehydroxylation of 
hydrogen-bonded silanol groups. Because of the relatively neutral environment used 
during hydrolysis and condensation of the silsesquioxanes, incomplete condensation of 
silanol groups was not unexpected. From Figure 5.28 it can be seen that the 
decomposition temperature of PS opal is about 450 oC under the experimental 
conditions. Previous studies (Asefa et al., 1999; Asefa et al., 2001; Asefa et al., 2000) 
have shown that the decomposition temperatures of methylene, ethylene, and 
ethenylene species in mesoporous organosilicas are in the range of 400-500 oC. Thus, 
the assignment of the prominent peak at about 420 oC observed on the three 
macroporous organosilica samples is impossible. Above 500 oC, some small broad 
peaks can be seen on the samples, which could be due to the elimination of organic 
species as well as dehydrogenation of surface silanol groups. Nevertheless, the TGA 
data indicate that the organic species are thermally stable up to 400 oC.  
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Figure 5.28 DrTGA curves of (A) OMOS-BTEM, (B) OMOS-BTEE, and (C) 
OMOS-BTEEY, and (D) PS opal. 
 

























































Figure 5.29 FTIR spectra of (A) OMOS-BTEM, (B) OMOS-BTEE, and (C) 
OMOS-BTEEY samples. Spectra a, b, and c represent the samples before solvent 
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The presence and chemical state of the organic species were further confirmed 
by the NMR spectra depicted in Figure 5.30. The 13C CP-MAS NMR spectra in Figure 
5.30A exhibit resonance peaks at 2, 4.5 and 146 ppm, which can be assigned to the 
carbons in Si-CH2-Si, Si-CH2-CH2-Si, and Si-CH=CH-Si group (Lu et al., 2000; Asefa 
et al., 1999; Asefa et al., 2001; Asefa et al., 2000; Melde et al., 1999), respectively. The 
broad peaks observed from the 29Si CP-MAS NMR spectra (Figure 5.30B) at -59, -56 
and -73 ppm correspond to the T1, T2, and T3 silicon sites of the OMOS-BTEM, 
OMOS-BTEE, and OMOS-BTEEY materials, respectively (Lu et al., 2000; Asefa et 
al., 1999; Asefa et al., 2001; Asefa et al., 2000; Melde et al., 3302;Dartt and Davis, 
1994). The prominent T1 and T2 peaks suggest that substantial amount of silanols are 
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Figure 5.30 (A) 13C and (B) 29Si CP-MAS NMR spectra of (a) OMOS-BTEM, (b) 
OMOS-BTEE, and (c) OMOS-BTEEY. 
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Table 5.2 Peak positions of OMOS materials and calculated value of the RI of 
OMOS materials and organosilicas 
Sample Peak position (nm) Reflective Index Reflective index of organosilicas 
OMOS-BTEE 686 1.1055 1.4057 
OMOS-BTEEY 670 1.0797 1.3066 
OMOS-BTEM 644 1.0378 1.1454 
 
The optical properties of the OMOS materials were also tested with 
spectrophotometer. Figure 5.31 shows the reflectance spectra of the three OMOS films 
with pore diameter of 380 nm. The diffraction peak positions are at 686, 670, and 644 
nm for OMOS-BTEE, OMOS-BTEEY, and OMOS-BTEM, separately. In the 
calculation of the effective RIs of the three OMOS materials and organosilicas, Bragg 
Equation (5.2) is applied. As at the surface of the samples the [111] direction is the 
dominant direction, the lattice constant can be calculated with Equation (5.5). The 
calculation results are listed in Table 5.2. It can be seen that the RIs of the three 
organosilicas are 1.4057, 1.3066, and 1.1454, which are less than the value of silica 
synthesized with the same condition, 1.4305. This can be explained as the newly 
introduced Si-C bonds reduce the ionic polarization effect (Melde et al., 1999). In 
addition, in the OMOS films the air holes are arranged with FCC structure, which 
occupy 74 % of the whole volume. As a result, the OMOS films possess a very low 
reflective index as shown in Table 1, which indicate their low dielectric constant k (= 
n2). By manipulating the sphere size of the colloidal template, much smaller ordered 
pore can be formed in the films. Combined with their low dielectric constant, these 
films could have potential application as low dielectric films.  
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Figure 5.31 Optical reflectance spectra of (A) OMOS-BTEE, (B) OMOS-
BTEEY, (C) OMOS-BTEM. 
To explore the RI of organosilicas, the mixture of silsesquioxanes and TEOS 
was used as precursor solutions. The molar percentage of the TEOS in the mixture and 
the responding positions of the optical reflectance peaks of the macroporous silicas are 
shown in Table 5.3. And the relationship between the percentages and the positions are 
plotted in Figure 5.32. It was found that peaks blue-shifted with the increase of the 
percentages of the TEOS. It can be concluded that the organosilica has a lower RIs 
than inorganic silica.  
Table 5.3 The relationship between percentage of TEOS and position of the 
reflectance peaks 
Percentage of 
TEOS (%) 1 0.836 0.773 0.63 0.46 0.362 0 
Position of 
peak λ (nm) 1014 1012 1006 1002 999 990 972 
 
Figure 5.33 shows the scanning electron microscopy (SEM) images of samples 
OMOS-BTEE with different infiltration cycles. It was observed that insufficient 
infiltration cycles resulted in the formation of PC films composed of hollow 
organosilica spheres (Figure 5.33A) while excess infiltration resulted in dense 
organosilica layer (Figure 5.33C).  
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Figure 5.33 SEM images of OMOS -BTEEs with different infiltration cycles: (A) 
3, (B) 6, and (C) 9 times. 
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5.2.3 Carbon inverse opals 
By infiltrating the colloidal crystals with carbon precursor and removing the 
templates, macroporous carbon structure can be obtained (Zakhidov et al., 1998). Such 
carbon structure can be used as PCs (Zakhidov et al., 1998), sensor (Perpall et al. 
2003), catalyst support (Yu et al., 2002; Chai et al., 2004) and templates (Lei et al., 
2001a; Kim et al., 2003a). By using different carbon precursor, many research groups 
have successfully prepared this kind of macroporous carbon structures. (Zakhidov et 
al., 1998; Perpall et al., 2003; Yu et al. 2001; Yu et al., 2002; Chai et al., 2004). 
Normally, liquid-phase carbon precursors such as phenolic resin (Zakhidov 1998, Chai 
2004) and sucrose solution (Lei 2001b, Yu 2001) are used for infiltration purpose. Due 
to solvent evaporation during infiltration and carbonization, the carbon precursors 
shrink significantly. Thus, repeated infiltration is recommended in order to obtain a 
highly order carbon structure. Recently, Perpall et al. (2003) discovered a new carbon 
precursor, namely bis-ortho-diynyl arene (BODA), with which carbon shrinkage 
during carbonization can be greatly minimized while the whole fabrication process can 
be largely shortened. Alternatively, CVD technique can be employed to enhance 
carbon infiltration. In the study of Zakhidov et al. (1998), both graphitic and diamond 
macroporous carbons were synthesized by using CVD and plasma techniques.  
The most readily available spherical colloidal particles are silica spheres. By 
manipulating the size of the spheres, porous carbon structures with a wide range of 
pore size from tens (Jang and Lim, 2002) to several hundred nanometers (Zakhidov et 
al., 1998) have been fabricated. Although PS colloidal spheres are also the common 
materials to be used as fabrication units of the colloidal crystals, they are seldom used 
in preparing porous carbon structures. This is because during the preparing process of 
the carbon structure, a high temperature is normally used to carbonize the precursor. 
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Under such condition, silica is thermal stable while PS will be burnt out. However, in 
the search, the macroporous carbon successfully fabricated by using PS colloidal 
crystals as templates and sucrose as precursors. Because the glass transition 
temperature of PS is between 100 to 110 oC, the temperature of precursor solidification 
process should not exceed 100 oC in order to maintain the ordered structure of the 
colloidal crystal. Fortunately, at 100 oC the sucrose can be solidified to obtain enough 
mechanical stability. Thus the solidified precursor can keep it porous structure after 
removing the template using the toluene. During this heating process, dehydration 
happens among the sucrose molecules with the sulfuric acid as catalyst. Thus though 
sucrose was only partially carbonized, the molecules are interconnected and the 
sucrose is solidified as a whole. In addition, toluene is a nonpolar solvent and polar 
sucrose has a low solubility in toluene. As a result, after treatment at 100 oC, the 
infiltrated sucrose can still keep the structure intact with soaking of toluene. Shown in 
Figure 5.34 are the SEM images of sucrose infiltrated colloidal crystal and the porous 
carbon structure. It can be seen from Figure 5.34A that the interstitials of the colloidal 
crystals were filled with sucrose completely and the PS spheres are partially buried 
with the sucrose. This proved that the method is effective for infiltrating the colloidal 
crystals with carbon precursor. In addition, from this image it was found that the 
surface morphology is uniform. In other words, the surface of the infiltrated opal is 
smooth and there is no coagulation existed. This can also be confirmed from Figure 
5.34B that large domain porous carbon with uniform surface morphology were 
obtained when the PS templated were removed. To obtain this kind of uniform carbon 
films, two important points should be noted. One is the low concentration of the 
precursor solution. As the high concentration sucrose solution has a high viscosity, low 
concentration precursor solution provides a good fluidity for infiltration. In addition, 
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the good fluidity can keep the solution have the same liquid surface level and leads to 
the uniform surface morphology. Another point is the way of dripping precursor 
solution on the colloidal crystals. Because the viscosity of the sucrose solution 
increases with the evaporation of the solvent, the sucrose will coagulate on the surface 
of the colloidal film if the solution is dripped directly from the top. So in the 
experiment, the precursor solution was dripped from the side of the colloidal crystal. 
Shown in Figure 5.34C are the enlarge image of Figure 5.34B. It can be seen that the 
pores of the carbon films are ordered arranged, indicating a negative replica of the PS 
colloidal crystal template. In addition, the pores are connected with small necks, which 
are templated from the connections among the PS spheres of the colloidal crystals. 
These necks provide the channels for removing the dissolved PS. Figure 5.35 shows 
the SEM images of three porous carbon thin films with different pore diameters of 260, 
380 and 580 nm viewed along different directions. It was found that all the samples 
showed ordered porous structures. The reflectance spectra of these three samples are 
shown in Figure 5.36. The optical reflectance spectra of the three carbon films are 
illustrated in Figure 3D. The diffraction peak positions are at 546, 802, and 1208 nm 
for the porous carbon films with pore diameters of 260, 380, and 580 nm, respectively. 
The positions of the diffraction peaks can be calculated with Equation (5.2). The 
positions of the diffraction peaks calculated for the three carbon films are at 535, 781, 
and 1193 nm, respectively. It can be found that the calculated data are smaller than the 
corresponding experimentally measured results. This discrepancy is probably due to 
the incomplete removal of PS spheres during toluene soaking. In a composite, the 
average RI can be calculated with Equation (5.3). In the theoretical calculation, the 
volume fractions of carbon and air were taken as 0.26 and 0.74, respectively. However, 
due to the presence of PS species in the air pores, some part of the volume fraction of 
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the air is replaced with high-refractive-index polystyrene (n = 1.59). As a result, the 
actual RI of the carbon film is higher than the calculation one, which leads to a higher 
wavelength position of the measured diffraction peaks. 
 






Figure 5.34 SEM images of (A) sucrose infiltrated PS colloidal crystal, (B) 
Marcoporous carbon structure of large domain, and (C) enlarge Figure of B.  
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Figure 5.35 Ordered macroporous carbon films synthesized by using PS colloidal 
crystals as the templates with diameter of (A) 260, (B) 380, and (C) 580 nm.  
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Figure 5.36 Reflectance spectra of macroporous carbon film with pore diameter 
of (A) 260, (B) 380, and (C) 580 nm. 
 
5.2.4 TiO2 inverse opals 
To realize the full PBG of the PCs, two requirements must be fulfilled. One is 
the crystal structure and the other is the RIs ratio. According to the calculation of 
Busch and John (1998), the full PBG can be produced only if the ratio between the 
infiltrated materials and the spheres is large than 2.8. As in the inverse opal, the air 
spheres have the RI of 1, the infiltrated materials must have a RI larger than 2.8. 
Titania has a RI of about 2.6-2.8 at optical wavelength and thus fit for using as the 
infiltrated materials.  
In the research, alkoxide tetraisopropyl orthotitanate (TIPT) was used as 
precursor for titania. TIPT is a high viscosity liquid. Thus in the experiment ethanol 
was used to dilute the TIPT to decrease reactivity and increase its fluidity. In addition, 
fuming hydrochloric acid was used to decrease the rates of condensation of the 
precursor, preventing premature metal oxide precipitation upon exposure to air. By 
using TIPT as precursor, normally anatase structure TiO2 was obtained. Shown in 
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Figure 5.37 are the SEM image of the porous titania and the corresponding reflectance 
spectrum. From the SEM image we can conclude that the method is successful to 
fabricate the porous titania. The pore size of the porous titania is about 580 nm, and 
according to Equation (5.2), the calculated position of peak of the reflectance spectrum 
should be 878 nm (the RI is taken as 2.6). However, the experimental result is about 
841 nm. It is believed that this is because during the condensation process 
nanoparticles of titania were produced. Due to the existence of the nanoparticles, the 
infiltrated materials cannot form a dense structure, which leads to the decrease of the 
infiltration ratio.     
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A simple and effective method, named flow-controlled vertical deposition 
(FCVD), was developed in the research. With this method, colloidal crystals of large 
domains and controllable and uniform thickness can be fabricated by precise control of 
the liquid surface dropping velocity of a colloidal suspension. In addition, the 
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thickness of the colloidal crystals could be controlled precisely by manipulating the 
experimental conditions. It was found that the thickness increased with the increase of 
the concentration and the surface tension and decrease of the flow velocity and size of 
the spheres.  
The flow-controlled vertical deposition (FCVD) method was used to infiltrate 
the PS colloidal crystals. With this method the colloidal crystals can be completely 
infiltrated. In addition, the surface of inverse opals had a smooth and uniform structure. 
And by controlling the infiltration cycle, the surface morphology can be manipulated.  
By using the colloidal crystals as template ordered macroporous organosilicas 
with methylene, ethylene, and ethenylene bridges molecularly built in silicate 
framework were fabricated. The organosilicas were characterized with TGA, FTIR, 
NMR and SEM and UV-spectrometer. In addition, it was found that the peaks of the 
reflectance of the macroporous silica could be changed by varying the concentration 
ratio of the organosilicas.  
Besides the silica and organosilica macroporous materials, the macroporous 
carbon and TiO2 were also fabricated and their optical properties were measured.  
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CHAPTER 6  
FABRICATION OF PHOTONIC CRYSTAL 
HETEROSTRUCTURES 
Photonic crystals, an insulator for photon, are an analogy of semiconductors, 
which are an insulator for electrons. Thus to realize the potential applications of the 
PCs, fabrication of heterostructures is a prerequisite. By embedding artificial defects 
properly, electromagnetic modes can be involved into the photon state gap or pseudo-
gap regions. These states provided different types of optical functionality, such as 
narrow frequency range lasing (Painter et al., 1999), waveguiding (Knight et al., 1998), 
photon trapping (Noda et al., 2000b) and selective filters or couplers (Stoffer et al., 
2000). Till now, various kinds of heterostructural PCs have been fabricated. 
Heterostructural photonic multilayers with different size spheres and composites (Jiang 
et al., 2001b; Rengarajan et al., 2001; Wong et al., 2003; Egen et al., 2003) were 
obtained using layer-by-layer growth method. This multilayer film can exhibit the 
combined optical properties of the individual components. In addition, Lee et al. (2002) 
fabricated line defects in the PCs by using multi-photon polymerization. Direct 
electron-beam lithography was used to produce air-line defects in the polymer opal 
films (Romanov et al., 2003; Ferrand et al., 2004; Juárez et al., 2004). Recently, a 
multi-step fabrication method was developed to embed plane defects in the colloidal 
crystals (Palacios-Lidón et al., 2004; Tétreault et al., 2004). In this chapter, the 
fabrication of various heterostructural colloidal crystals, photonic multilayer, PCs with 
defects and thin layer coated PCs will be described in detail.  
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6.1  Multilayer colloidal crystal heterostructures 
6.1.1  Size heterostructures  
In 1999, the vertical deposition (VD) method was first reported by Jiang et al. 
(1999a) to fabricate photonic multilayer. Soon, a layer-by-layer method was developed 
on the basis of Jiang’s method to prepared heterostructural photonic multilayers (Jiang 
et al., 2001b; Rengarajan et al., 2001; Wong et al., 2003; Egen et al., 2003). Typically, 
the first layer colloidal film was fabricated on substrate and then second layer of 
different size spheres was coated on the first layer. This process can be repeated to 
obtain more heterostructural layers.  
In the research, the heterostructural multilayer was obtained by using the layer-
by-layer method. The flow-controlled vertical deposition (FCVD) method was used 
instead of the VD method. The detailed description of fabrication of homogeneous 
structural PS colloidal crystals using FCVD method can be found in Chapter 5. Two 
factors are important to obtain the ordered second layer successfully. One is that the 
first layer must be annealed before the coating of the second layer. This is because the 
colloidal crystal fabricated with the self-assembly method is fragile and tends to 
redisperse into the colloidal suspension. When annealed at their glass transition 
temperature, the surface of the PS spheres will melt slightly and the spheres will stick 
together. Thus the mechanical stability of the colloidal crystals can be increased. The 
other factor is that ethanol was used as solvent in the second growth process. After 
drying, the surface of the PS spheres is hydrophobic and cannot be soaked with water. 
Thus, if water was used as solvent of the colloidal suspension, the second layer of 
colloidal crystal cannot be grown on the first layer. Instead, ethanol was used in the 
second growth process.  





















Figure 6.1 SEM images of (A) photonic multilayer, and (B) the optical 
reflectance spectra of colloidal crystals. (a) and (b) are fabricated with PS 
spheres of  400 nm and 500 nm, and (c) are heterostructural optical double layer 
with a top layer and bottom layer of 400 nm and 500 nm spheres respectively. 
 
Shown in Figure 6.1A is the heterostructural photonic multilayer of PS 
colloidal crystals. The spheres in the bottom and top layer are 500 nm and 400 nm, 
respectively. It can be seen that both layers exhibit long range ordered structures. 
Because the interface between the two photonic films is mechanically weal point, the 
breaking of the sample often takes place at this interface. As indicated by the arrow in 
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the surface of the second layer showed a hexagonal structure though the second layer 
grew on the non-smooth first layer. This phenomenon is consistent with the result 
obtained by Jiang et al. (2001b) and Egen et al. (2003). Figure 6.1B shows the optical 
reflectance spectra of the individual photonic films and the heterostructural photonic 
multilayer shown in Figure 6.1A. The two homogenous photonic films were fabricated 
with PS colloidal spheres of 400 nm and 500 nm. For these two photonic films, the 
peaks around 910 nm and 1120 nm arise from the Bragg diffraction of incident light 
within each layer, as seen in spectra (a) and (b) of Figure 6.1B. Shown in spectrum (c) 
of Figure 6.1B is the spectrum of the heterogeneous photonic multilayer. The peaks of 
this spectrum are corresponding to the peaks of the individual crystals with only one 
size of colloids. It can be concluded that the optical properties of the composite 
multilayers can be approximated from the spectra of the individual layers. 
Infiltrating the heterogeneous photonic film in Figure 6.1A with silica using the 
method described in Chapter 5 and removing the PS template the heterogeneous 
inverse opal was obtained. The SEM image and the optical reflectance spectrum are 
shown in Figure 6.2. From the SEM image it can be seen that the two-layer 
macroporous silica composes crystalline arrays with spherical voids of around 400 nm 
and 500 nm. The reflectance peaks of the individual array can be obtained with 
Equation (5.2), which are 721 nm and 900 nm respectively. It was found that the two 
peak positions of the heterogeneous macroporous silica shown in Figure 6.2B are 
consistent with the calculation data. It can be concluded that not only the pore sizes but 
also the heterogeneous were replicated from the heterogeneous multilayer precisely. 
This kind of heterogeneous multilayers can only be used as 1D PCs because of the 
existence of the interface. However, by using colloidal spheres of different sizes the 
band gaps of different positions can be combined in the heterogeneous multilayer, thus 
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expand its application as optical filter and reflector (Fink et al., 1998). In addition, the 
dual pore structure of the heterogeneous multilayer can be used in membrane 
separations (Bhave, 1991).     
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Figure 6.2 SEM images of (A) inverse silica multilayer fabricated with layer-by-
layer growth method and (B) its optical reflectance spectrum.  
 
6.1.2  Composition heterostructures  
Besides the size heterostructure PCs, composite heterostructures were also an 
important branch of the heterogeneous PCs. In the research, according to the 
composites of the top and bottom layer, three kinds of heterostructures were obtained, 
PS colloidal film on silica infiltrated PS opal, PS colloidal film on inverse silica opal, 
and silica colloidal film on PS colloidal film. 
As mentioned in Chapter 5, flow-controlled vertical deposition (FCVD) device 
can be used to infiltrate the colloidal crystals with silica. This silica infiltrated PS 
colloidal crystals have not only high infiltration ratio but also uniform surface 
morphology (See Figure 6.3A) (Zhou et al., 2005). The second property provides us a 
novel route for fabricating composite heterostructures.  
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Figure 6.3 SEM image of (A) the surface morphology of the infiltrated PS 
colloidal crystal and (B) a PC heterostructure fabricated by growing PS spheres 
(440 Nm) on a silica-infiltrated PS colloidal crystal (580 Nm). (C) Optical 
reflectance spectrum of the heterostructure. 
 
In the experiment, the silica infiltrated PS colloidal crystal was used as 
substrate and the second PS colloidal film was grown on it directly. Because at the 
surface of the infiltrated PS colloidal crystal the PS spheres were only partially covered 
with silica (See Figure 6.3A), the surface still can not be completely soaked with water. 
Thus, during the growth of second layer, ethanol was used as solvent. Figure 6.3B 
shows the SEM image of PS spheres of 440 nm grown on a silica-infiltrated colloidal 
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colloidal crystal layer and the infiltrated colloidal crystal layer. It can be seen that the 
spheres in the top layer were arranged without disturbing the periodicity. The optical 
reflectance spectrum of this sample is shown in Figure 6.3C. The presence of two 
optical reflectance peaks indicates that the sample is a heterogeneous structure. The 
experimental peak positions are consistent with the calculated values, which are 1030 
and 1400 nm respectively.  
Another kind of composite heterostructure was constructed by growing PS opal 
on the silica inverse opal. The SEM images of the composite multilayer were shown in 
Figure 6.4, the sphere sizes of the top layer and the pore diameters of the bottom layer 
are 450 nm and 550 nm, respectively. Because the surface of the silica is hydrophilic, 
water was used as solvent in the film growth process. From Figure 6.4A it can be seen 
that the PS colloidal layer shows ordered structure. From the interface of the two layers, 
it was found that though the PS colloidal layer grew on a non-smooth surface its first 
layer showed a closed packed ordered structure. It seems that that the structure of the 
substrate surface had little effect on the growth of the second layer. From the image it 
can be seen that the two layers are not contacted closely at the interface. This is 
because the two layers are formed with different materials. Thus, the top layer can be 
easily striped off without disturbing of the bottom layer. In Figure 6.4B, the interface 
after striping of the top layer is shown. It was found that the spheres filled in the pores 
because the PS spheres are smaller than the pore size of the bottom layer. It can be 
concluded that after the filling of these spheres, the inhomogeneous of the inverse opal 
surface was decreased. This can explain the reason that the porous surface had little 
effect on the growth of the second layer.   
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Figure 6.4 SEM images of (A) the side view and (B) interface of the composite 
heterostructures with top layer PS colloidal crystal and bottom layer silica 
inverse opal.  
 
Fabrication of composite multilayers of PS and silica spheres was also 
attempted in the research. These binary colloidal crystals were also prepared by using 
the layer-by-layer growth method. Different ratios between silica and PS spheres and 
silica volume fractions were used. The experiment data was listed in Table 3.4.  
Figure 6.5 to 6.8 shows the SEM images of the binary multilayers with PS 
spheres as bottom layer and silica spheres as second layer and their optical reflectance 
spectra. To simplify the presentation, the multilayer colloidal crystals were described 
by listing the spheres size from top to bottom. For example, the samples in Figure 6.5 
have silica top layer of 280 nm and PS bottom layer of 586 nm, thus they are referred 
to as 280 nm/586 nm. It can be seen from the SEM images that the second layers of the 
binary multilayers have the long range ordered structure though they grew from the 
non-smooth surface of the PS colloidal films. In addition, it was found that by using 
four different size ratios between the PS and silica spheres all the samples could form 
ordered second layers. This proved that the growth of the second layer had no relation 
with the ratios of the two kinds of spheres. In addition, it can be seen from the SEM 
image that with the increase of the volume fractions of the silica spheres the thickness 
A B
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of the silica colloidal film increased accordingly. As shown in Figure 6.5A-E, the silica 
formed only incomplete monolayer with volume fraction of 0.05% while at volume 
fraction of 0.35% the silica film had tens of layers.  
   
 
  

























Figure 6.5 SEM images of binary films 280 nm/586 nm by using different 
volume fraction of silica spheres (A) 0.05%,  (B) 0.15%, (C) 0.20%, (D) 0.25%, 

































Figure 6.6 SEM images of binary films 400 nm/586 nm by using different 
volume fraction of silica spheres (A) 0.05%,  (B) 0.15%, (C) 0.20%, (D) 0.25%, 
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Figure 6.7 SEM images of binary films 280 nm/1000 nm by using different 
volume fraction of silica spheres (A) 0.05%,  (B) 0.10%, (C) 0.15%, (D) 0.20%, 
(E) Reflectance spectra of samples (A) to (D). 
C D
E
Chapter 6. Fabrication of Photonic Crystal Heterostructures 
159 
  
 Figure 6.8 SEM images of binary films 400 nm/ 1000 nm by using different 
volume fraction of silica spheres (A) 0.05%, and (B) 0.30%. 
 
Shown in Figure 6.5F, 6.6F and 6.7E are optical reflectance spectra of the 
composite heterostructures. It was found that at low volume fraction 0.05% there was 
only one peak on the spectra. This is because at such a low volume fraction only 
monolayer silica film formed and no Bragg reflection will take place at such a thin film. 
This explanation is confirmed by the SEM image of Figure 6.5A, 6.6A, 6.7A and 6.8A. 
With the increase of the volume fractions of the silica spheres, two peaks appeared on 
the spectra and their positions are consistent with the peaks of the single crystals 
fabricated with the PS or silica spheres alone. This result proved the existence and the 
ordered arranged of binary layers. However, with the further increase of the volume 
fraction of the silica spheres, spectrum peaks that supposed to be PS colloidal films 
disappeared. This can be explained with the measurement manner of the spectrometer. 
During the measurement, the incident lights entered from the uppermost (111) planes 
of the colloidal crystals. Therefore, if the silica layers formed on the PS layers are too 
thick, all the incident lights will be adsorbed or reflected and cannot reach the PS 
layers.  
For example, samples shown in Figure 6.5 were formed with 586 nm PS 
spheres and 280 nm Silica spheres. The peak positions of 1350 nm and 590 nm 
BA 
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indicate the existence of the PS and silica colloidal film respectively. With the increase 
of the volume fractions of the silica suspensions from 0.05% to 0.30%, the peaks at 
1350 nm became lower and broader, which indicated that the PS colloidal films 
became thinner. On the other side, the peaks at 590 nm became higher and sharper, 
which indicated the increase of the thickness.  



















Figure 6.9 Optical reflectance spectra of calcinated binary layers of samples 
shown in Figure 6.5.  
 
To further study the properties of the composite binary layers, calcination was 
applied to the PS-silica heterostructures. The samples shown in Figure 6.5 were 
calcinated at 500 oC and their optical reflectance spectra are shown in Figure 6.9. It can 
be seen that the peaks that supposed to be PS colloidal films disappeared, which 
indicated the complete remove of the PS layers. This is because PS burnt out at 
temperature around 450 oC. The peaks that arose from silica colloidal films were 
remained. This result indicates that though the substrates, PS colloidal films, were 
removed, the ordered structures of the silica colloidal films were remained. In addition, 
it was found that the peak positions of the silica colloidal films blue shifted from 612 
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nm to around 590 nm. It is believed that during the annealing process the condensation 
of the surface silanol groups took place, which led to the shrinkage of the structure 
(Míguez et al., 1998).  
  
Figure 6.10 SEM images of non-closed packing structure fabricated by 
calcinating binary film 280 nm/ 586 nm. (A) The low magnified image, (B) the 
rectangular pattern, and (C) the hexagonal pattern.  
 
Upon removing the PS colloidal layers, an interesting structure of the silica 
colloidal spheres was observed. Shown in Figure 6.10A is the low magnified image of 
the colloidal structures. The sample was fabricated by calcinating the composite 
A 
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multilayer of 280 nm/586 nm. It can be seen that after removing of the PS layer the 
silica films still have a smooth surface morphology, which is consistent with the SEM 
image shown in Figure 6.5. However, from the positions where the upper silica layer 
was stripped off, the hexagonal and rectangular patterns were observed. It should be 





Figure 6.11 SEM images of non-closed packing structure fabricated by 
calcinating binary layer of 500 nm silica spheres (top layer) and 1000 nm PS 











Figure 6.12 SEM images of non-closed packing structure fabricated by 
calcinating binary layer of 500 nm silica spheres (top layer) and 1000 nm PS 
sphere (bottom layer). (A) the hexagonal pattern, and (B) the rectangular pattern. 
 
To clarify the relationship between the formation of these patterns and the 
composite multilayers, the composite multilayers with various ratios between the size 
of the silica spheres and PS spheres, 0.48 (280 nm/586 nm), 0.5 (500 nm/ 1000 nm) 
A 
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and 0.68 (400 nm/ 586 nm) were calcinated to obtain the patterns. Shown in Figure 
6.11 and 6.12 are pattern fabricated from composite multilayer with ratios of 0.5 and 
0.68. And the frames in the Figures indicate the ordered structures of the patterns. It 
can be seen that with all the three ratios highly ordered rectangular patterns were 
obtained. However, ordered hexagonal patterns were only formed in samples with ratio 
of 0.48 and 0.5. In the sample with ratio of 0.68, hexagonal and pentagonal patterns 
co-existed on the surface.  
The schematic illustrations shown in Figures 6.13 and 6.14 can be used to 
explain the formation mechanism of this pattern structures. In these modes, the size 
ratio is set as 0.5. The arrays of the grey spheres are the colloidal films of PS spheres, 
which act as substrate for the growth of the small silica spheres. Figures 6.13 and 
Figure 6.14 show the growth mechanism on hexagonal and rectangular arrays, 
respectively. In Figure 6.13, when the silica spheres deposited on the PS colloidal film, 
the optimal positions are the interstitials among the three neighboring PS spheres 
because these sites have the lowest potential energy. And under high volume fraction, 
LS3 structure will be formed (Velikov et al., 2002; Wang and Möhwald, 2004a) shown 
as the array of blue spheres, in which each large sphere is surrounded by six small 
spheres and each small sphere is surrounded by two large spheres. After the formation 
of the LS3 pattern, the sites surrounded by the blue spheres become the optimal 
positions for the deposition of silica spheres as indicated with arrow in the second 
image of Figure 6.13B. Thus, these sites will be taken over by the green spheres. When 
the second layer of silica forms, we can see from the third image of Figure 6.13A that 
there are two kinds of voids. One is among blue spheres and the other is among blue 
and green spheres. However, from the side view we can find that if the silica spheres 
deposit on the sites among the blue spheres, they have lower potential energy. As a 
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result, the silica spheres, the red spheres, form the array shown in last image of Figure 
6.13A. It can be seen that the spheres show the hexagonal structure. For sample with 
sphere size ratio of 0.68 as shown in Figure 6.12A, both of the hexagonal and 
pentagonal patterns are appeared. It is because in such a ratio, the structure is a 
transition phase between the LS2 and LS3 structure (Wang and Möhwald, 2004b). 
Figure 6.14 show the growth mechanism of silica spheres on rectangular PS 
array. The mechanism is the same as that of on hexagonal array. The silica spheres 
prefer to deposit on the sites of low potential energy and the third layer of silica forms 
rectangular array. Shown in Figure 6.15 is the SEM image of 0.4 nm silica spheres on 
1000 nm PS spheres, it can be seen that the silica sphere was first deposited in the void 
among the four large PS spheres and then four silica spheres surrounded the first silica 
spheres. This structure is consistent with the picture in Figure 6.14B (The third image). 
The schematic illustration of the last images in 6.14A and B can also find 
corresponding structure in experimental results. From the SEM image Figure 11B, it 
was found that each sphere of the top layer was supported by four silica spheres. As a 
result, it is believed the schematic illustrations in Figure 6.13 and 6.14 can explain the 
pattern structures successfully.  
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Figure 6.13 Schematic illustrations of the formation mechanism of the hexagonal 
pattern. (A) is the top view and (B) is the side view.  
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Figure 6.14 Schematic illustrations of the formation mechanism of the 
rectangular pattern. (A) is the top view and (B) is the side view. 
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Figure 6.15 Pattern of 400 nm silica on 1000 nm PS spheres. 
 
Although with this method the non-close packed pattern can be obtained, the 
structures of the pattern are not arranged orderly very much. From the SEM images in 
Figure 6.10-6.12 it was found that some parts of the patterns were distorted. The 
reason for this problem could be due to the removal process of the PS spheres. On the 
one hand, the PS sphere arrays acted as substrate, thus the removal of the PS spheres 
will break the ordered structure of the upper layer in some degree. On the other hand, 
during calcination the PS will undergo the process of softening and melting, the sticky 
PS liquid could draw the silica spheres from their origin positions. As a result, the 
patterns obtained using the calcination method haven’t highly ordered structures.  
In the experiment, low volume fraction of silica spheres was used to obtain 
monolayer pattern on the PS array. The relationship between the pattern structures and 
the size ratios has been detailed studied recently (Velikov et al., 2002; Wang and 
Möhwald, 2004a; Wang and Möhwald, 2004b; Kitaev and Ozin, 2003). Shown in 
Figure 6.16 are the silica pattern obtained with different size ratio between PS spheres 
and silica spheres. When the size ratio is as low as 0.28, around each large spheres 
there are 10 to 11 small spheres and the pattern hasn’t ordered structure. Shown in 
Figure 6.16B and C are samples the ratios of 0.4 and 0.5, LS2 structure was obtained. 
No LS3 structure was observed because a low volume fraction of silica spheres was 
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used (Velikov et al., 2002). When the ratio increased to 0.68, the structure of LS was 
obtained as shown in Figure 6.16D. This is the first time that the LS structure was 
observed under such a high size ratio. As can be seen from the SEM image, on the 
surface of the bottom layer each voids are surrounded by three neighboring spheres. 
These voids are the optimal positions for the deposition of silica spheres. When one 
silica sphere settles on one void, its large size will prevent the deposition of silica 
spheres on the three neighboring voids. Thus, LS structure will be the stable structure.  
  
  
Figure 6.16 Surface patterns fabricated with different size ratios (A) 0.28, (B) 0.4, 
(C) 0.5, (D) 0.68.  
For the samples shown in Figure 6.16, the PS can be removed with heat 
treatment while the silica spheres are thermally stable. Thus, the silica patterns can be 
remained after the removal of the PS spheres. However, during the calcination process, 
the change of the height of the silica spheres may lead to the broken of the pattern 
structure. To avoid such a problem, the silica patterns were fabricated on the 
A B
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monolayer of PS spheres. Shown in Figure 6.17 are the silica patterns on substrate 
fabricated from composite multilayers of different sphere size ratio. From these images 
it was found that the ordered structures of the silica patterns were kept intact and 
deposited on the substrate. The samples in Figure 6.17A-D showed the structure of LS2, 
LS2, LS3, LS. It can be seen that though Figure 6.17A and B showed the same structure, 
the spheres in Figure 6.17B packed closer than that of the Figure 6.17A. That is 
because the former has larger size ratio of 0.5 than that of latter 0.48. Figure 6.17D 
shows the pattern structure replicated from LS structural multilayer. Upon removing 
the PS layer, the silica spheres arranged as hexagonal array. Thus this method provides 
a way for preparing non-close packed colloidal array.  
   
 
   
 
Figure 6.17 Calcinated surface patterns fabricated with different size ratios (A) 
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6.2  Defect engineering 
6.2.1  Plane defects embedded in 3D photonic crystals  
PCs offer a promising platform for future photonic integrated circuits (PIC) and 
optoelectronic integrated circuits (OEIC) (Thylén et al., 2004). Self-assembly of 
colloidal spheres provides a simple and inexpensive approach to fabrication of 3D PCs 
(López, 2003). Device applications of PCs require exact placement of well-defined 
defects (planar, line or point defects) within the PCs (Istrate Sargent, 2004; Notomi, 
2001; Qi, 2004). However, the introduction of these defects into the 3D PCs fabricated 
with the self-assembly method is not as straightforward as it is with the 
micromachining technique. Defect engineering has thus been an important issue in 
fabricating photonic devices by using self-assembly methods. 
Since the VD method was reported by Jiang et al. (1999a), this method was 
widely used to fabricate size or composite heterostructural multilayers (Jiang et al., 
2001b; Rengarajan et al., 2001; Zhao et al., 2003; Egen et al., 2003). In a typical 
process, the VD process was repeated with suspension of different colloidal spheres. 
At the interface of the heterostructural multilayers, the optical properties of the opal 
films changed abruptly due to the changes of the lattice constant or chemical 
compositions. Thus the interfaces of these multilayers can be taken as plane defects. 
Furthermore, with this layer-by-layer growth method, sandwich structural colloidal 
film was prepared (Egen et al., 2003; Wong et al., 2003). Recently, planar defects were 
fabricated in colloidal crystals by combining the chemical vapor deposition (CVD) and 
self-assembly techniques (Palacios-Lidón et al., 2004; Tétreault et al., 2004).  
The FCVD infiltration method described in Section 5.2 was used to infiltrate 
the PS opal successfully. From the experiment it was found that by repeating the 
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infiltration process, a smooth silica layer could be formed on the surface of the 
infiltrated opal (See Figure 5.13D). The SEM image Figure 6.18A shows an inverse 
silica opal resulting from the removal of the PS template by using toluene. It can be 
seen that the pore structure precisely replicated the colloidal crystal, which evidenced 
the high infiltration ratio of the silica. In addition, silica has grown covering the PS 
spheres homogeneously with uniform thickness. The silica-covered infiltrated PS 
colloidal crystal can be used as substrate to grow another layer of colloidal film. 
Infiltrating the second layer colloidal film with silica and removing the PS templates of 
both layers, the PC embedded with silica planar defect was obtained as shown in 
Figure 6.18B. Because in the experiment the PS spheres of same size were used to 
fabricate both layers of colloidal crystals, the pore size of the whole PCs was uniform. 
However, although both layers of PCs have the same pore size they cannot be taken as 
one PC separated by planar defects. This is because the second layer grew on the silica 
layer and has no relationship with the first layer of colloidal crystal. This planar-defect 
embedded PC doesn’t process a full photonic band gap, however, it can be used for 
conventional light guiding by total internal reflection (Palacios-Lidón et al., 2004).  
  
Figure 6.18 SEM images of (A) Inverse opal with silica layer on top surface and 
(B) Inverse opal embedded with silica planar defects. 
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6.2.2  Line defects embedded in photonic crystals 
Insertion of artificial planar defects in self-assembled 3D PCs has been reported 
with a layer-by-layer deposition strategy or chemical vapor deposition (CVD) methods 
(Palacios-Lidón et al., 2004; Tétreault et al., 2004). Point defects have also been 
introduced by doping a colloidal crystal (opal) with impurity spheres of different size 
or different dielectric strength (Pradhan et al., 1996). A limited number of fabrication 
methods have been demonstrated on embedding line defects in a self-assembled 3D PC. 
Multi-photon photopolymerization (Lee et al., 2002) and direct electron-beam writing 
technique (Ferrand et al., 2004; Juárez et al., 2004, Míguez et al., 2002b) have been 
employed to construct deterministic defect in self-assembled 3D PCs. Although these 
techniques can produce optical-wavelength-scale line defects, the rough interface 
between the line defect and the surrounding 3D PCs due to the energy-beam damage 
may cause serious light scattering, thus incurring extra propagation loss for light 
waveguiding applications. In addition, the applicability of these techniques to non-
polymer based colloidal crystals remains a great challenge. Tétreault et al.(2003) have 
demonstrated a micron-scale line defect in an inverse silicon PC by local modification 
of RI via laser micro-writing and micro-annealing techniques. Whether the local RI 
modulation can cause a light waveguide with full optical-confinement within the 3D 
PCs has not been addressed. Ye et al. (2002) have described the growth of a colloidal 
crystal on a substrate patterned with photoresist lines, which serve as a template for 
creating well-defined air-core line defects in an inverse structure. The method is simple 
and straightforward. However, such a structure cannot act as an ideal light waveguide 
because the line defects were confined between the 3D PC and the dielectric substrate, 
which leads to the leakage of optical modes from the dielectric substrate. From the 
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viewpoint of practical applications, however, 3D PCs containing well-defined line 
defects within their interior are preferable.  
In the experiment, a simple and efficient method was used to embed micron-
scale line defects in self-assembled 3D PCs. The fabrication process is schematically 
illustrated in Figure 3.5. Shown in Figure 6.19 are the SEM images of the structures 
collected at different fabrication stages. As can be seen from Figure 6.19A, silica spheres 
have spontaneously organized themselves into a face-centered cubic (fcc) close-packed 
structure with the (111) planes parallel to the surface of the substrate. A photoresist line 
pattered on the surface of the silica opal film can be observed from Figure 6.19B. Here, a 
trapezoid cross-sectional photoresist strip with widths of 2.5 and 5.5 µm of the top and 
bottom surfaces respectively was obtained when a 4 µm thick positive photoresist (AZ 
P4620, Clariant) layer was used to define the pattern. Figure 6.19C shows a side-view of 
the silica colloidal crystal containing the photoresist strip as a line defect. Here, if the 
photoresist line was removed with acetone, a colloidal crystal with an air-core line defect 
can be obtained as shown in Figure 6.19D. The interface between the air-core line and 
the surrounding 3D colloidal crystal was well defined by the shape of the original 
photoresist line (See Figure 6.20). From Figure 6.20, it is hard to distinguish the 
interface between the original silica opal and the re-grown one, showing a perfect 
heritage of the periodicity of the 3D ordered structure of the bottom layer during the re-
growth of the top-layer. Figure 6.19E shows the inverse opal with the photoresist line 
defect after infiltration of the silica template (Figure 6.19C) with carbon and removal of 
the silica template. The line defect exhibits a triangle-like shape due to the over-
development during the pattern defining process. Removal of the photoresist line 
resulted in a 3D carbon PC with an air-core line defect (Figure 6.19F).  Due to the 
shrinkage of carbon during carbonization, the inverse opal shown in Figure 6.19E and 
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6.19F contains some cracks. Nevertheless, a macroporous carbon matrix with a 3D 
close-packed crystalline order of the original template containing a well-defined artificial 




Figure 6.19 SEM images of (A) silica colloidal crystal grown on a silicon 
substrate, (B) photoresist line patterned on the colloidal crystal surface, (C) 
photoresist line embedded in a silica colloidal crystal, (D) air-core line defect 
embedded in a silica colloidal crystal, (E) photoresist line embedded in a 3D 
macroporous carbon matrix, and (F) air-core line embedded in a 3D 
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Figure 6.20 A cross-sectional view of a silica colloidal crystal with an air-core 
line defect embedded within its interior. The highlight rectangular areas clearly 
show the perfect interface between the line defect and the surrounding 3D 
structure, as well as the interface between the original silica opal film and the re-
grown one. 
 
The dimension of the line defect (width and height) is determined by the line 
width on the mask, the photoresist property and the spin-coating process. In the 
experiments, masks containing lines of either 3 or 6 µm in width were used. For a mask 
with 3-µm-width lines, a slightly viscous photoresist (AZ5214, Clariant) was employed 
to construct relatively small-size line defect (about 1~2 µm high and 3 µm wide). For a 
mask with 6-µm-width lines, a highly viscous photoresist AZ P4620 was employed to 
construct large-size line defects (about 5 µm high and 6 µm wide). In addition, one can 
manipulate the spin-coating parameters such as spin speed and time or use a multiple 
coating process to obtain a photoresist line with different thickness. A small size (about 2 
× 2.5 µm) photoresist line embedded in a silica opal is shown in Figure 6.21. Normally, 
the photoresist line has a rectangular or trapezoid cross-section (See Figure 6.19C). 
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However, by using some special techniques such as over-development during pattern 
defining, some other interesting shapes such as triangular shape (Figure 6.19E) and 
semicircle shape (See Figure 6.22) have also been fabricated. Thus, one can introduce 
defects with different dimensions and shapes into a 3D PC by choosing different 
photoresists, masks, and pattern defining techniques.     
 
Figure 6.21 A small-sized (about 2.5 µm high and 2 µm wide) photoresist line 
embedded in a silica opal. 
 
Figure 6.22 An air-core line defect with a semicircle shape embedded in a silica 
colloidal crystal. 
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Besides straight lines, other complex line structures such as S-bend, Y-branch, 
etc. have also been embedded into 3D PCs with the same method. As an example, 
Figures 6.23A-C show optical photographs of two Y-branches with different branch 
angle and an S-bend patterned on the surface of silica opal films. The details of the Y-
branch section of Figure 6.23B can be seen from the SEM image shown in Figure 6.23D, 
which clearly illustrates the well-defined line structure and the hexagonal-packed surface 
plane of the silica opal underneath the photoresist lines. 
Due to the limitations of photolithography, only micron-scale line defects were 
fabricated. However, it is believed that submicron-scale line defects can be obtained 
following the method described here using electronic-beam lithography. Indeed, the 
3D carbon PCs obtained in this work do not possess a full bandgap because of the low 
RI of carbon. Therefore, the waveguiding functions of the artificial defects embedded 
in the carbon PCs cannot be realized.  
 
Figure 6.23 Optical photographs of line patterns on the surface of silica colloidal 
crystals. (A) and (B) Y-branches with different branch angles. (C) S-bend.  (D) 
SEM image of the branch section clearly illustrates the well-defined line 
structure and the hexagonal-packed surface plane of the silica opal underneath 
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6.3  Surface coating  
Over the last few years, templating synthesis of porous solids has received a 
rapidly growing interest because it allows one to sophisticatedly control pore size, 
length scale, and morphology. A variety of templating strategies that afford different 
porous architectures and nanostructures can be found from a recent review paper 
(Schüth, 2003). 
Colloidal-crystal-templating approach (Stein, 2001; Stein, 2003) offers 3D 
macroporous materials of various compositions with potential applications as PCs 
(López, 2003), biosensors (Asher et al., 2003), catalysts and adsorbents (Stein, 2003). 
If a further step is taken, colloidal-crystal-templated macroporous materials can be 
used as an exotemplate to guide the formation of other functional structures that cannot 
be fabricated using otherwise different strategies (Johnson et al., 1999). Johnson and 
co-workers (1999) were the first to demonstrate the fabrication of silica nanoparticles 
by using colloidal-crystal-templated porous polymer exotemplate. Jiang et al. (2001a) 
described a lost-wax approach to the generation of a wide variety of highly 
monodisperse inorganic, polymeric, metallic solid and core-shell colloids, and hollow 
colloids with controllable shell thickness by using macroporous polymers as an 
exotemplate. Besides polymeric materials, other macroporous materials such as carbon 
(Lei et al., 2001a; Wang et al., 2004) and silica (Míguez, 2003) have also been 
employed as exotemplates to grow spherical colloids and periodic 3D structures.  
Nanocarbons (Inagaki et al., 2004) such as ordered nanoporous carbons, carbon 
nanotubes, and hollow capsules have been shown to be promising catalyst supports 
(Joo et al., 2001), adsorbents for gas separation and purification (Kyotani, 2000), 
nanodevices (Collins et al., 1997), and energy storage materials (Dillon and Heben, 
2001), etc. So far, the methods for fabricating hollow carbon spheres or capsules 
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reported in the literature involve a multi-step surface coating process (Jang and Lim, 
2002; Jiang and Ha, 2003; Kim et al., 2003b; Yoon et al., 2002). Sometimes, special 
efforts have to be made to maintain core-shell spheres separated from each other (Jiang 
and Ha, 2003). Recently, exotemplating method was applied to prepare porous carbons. 
Ryoo et al. (1999) reported the synthesis of mesoporous carbon with silica molecular 
sieve as exotemplate. 
6.3.1 Carbon-coated silica heterostructures 
The experimental procedure is schematically illustrated in Figure 3.5. In this 




Figure 6.24 (A) Low and (B) high magnification SEM images of the polymer 
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Figure 6.24A shows the SEM image of a sucrose-infiltrated macroporous silica 
after heated at 160 oC for 5 h. It can be seen that the composite material is a face-
centered-cubic (fcc) colloidal crystal embedded in a continuous phase. From the 
enlarged image Figure 6.24B it can be seen that both of the shape and the size of the 
polymer were precisely replicated from the air holes of the macroporous silica 
template, indicating a surface-templating mechanism (Míguez et al., 2003; Zakhidov et 
al., 1998), rather than a volume-templating mechanism (Kim et al., 2003a), which are, 
in general, determined by the surface properties of a porous template and the nature of 
an infiltrated precursor. When the infiltrated materials don’t adhere strongly to the 
framework, solid spheres will form (Kim et al., 2003a). On the other hand, hydrophilic 
surface (Lei et al., 2001a) or surface modification (Yu et al., 2002) can locate the 
reaction around the surface, which results in the surface-templated process. The 
surface of the macroporous silica used in this study was hydrophilic in nature. In 
addition, the precursor solution is a dilute acidic solution with sulfate acid, during the 
infiltration process the hydroxyl group can be recovered on the silica surface. Thus, the 
carbon precursor solution could easily wet the silica surface. In addition, dehydration 
of sucrose molecules and surface hydroxyl groups of the silica during the heating steps 
further promoted surface coating of the carbon species. After the first cycle of 
infiltration and heating, the surface would become less hydrophilic because of the 
presence of a layer of polymerized sucrose network. To enable subsequent coating of 
the precursor, a small amount of ethanol was added to the carbon precursor solution to 
decrease its surface tension, thus enhancing its affinity to the earlier coated layer. And 
during heating the sucrose is only partially carbonized, there still have hydroxyl groups 
on its surface, which can dehydrate with the sucrose. So in the consequent infiltration 
process, the polymer can coat on the interior surface continuously. The elemental 
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analysis of this sample with energy-dispersive X-ray (EDX) technique was shown in 
Figure 6.25 and Table 6.1. It was found that the presence of carbon, oxygen, and 
silicon with atomic percentages of 72.7%, 19.8%, and 7.47%, respectively, indicating 
that the sample contains a substantial amount of carbon. As in the method the polymer 
is coated in the void of silica framework, we can conclude that the spherical part is 
polymer and the continuous phase is silica.  
 
 
Figure 6.25 Energy dispersive X-ray spectrum of the polymer coated 
macroporous silica shown in Figure 6.24. 
 
Table 6.1 Energy dispersive X-ray results of the polymer coated macroporous 
silica shown in Figure 6.24 
Element Weight% Atomic% 
C K 62.37 72.71 
O K 22.65 19.82 
Si K 14.98 7.47 
Totals 100.00 100.00 
 
Upon calcination at 800 oC under nitrogen atmosphere, the coated polymer was 
carbonized to form carbon layer. It was also found that with the increase of the 
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infiltration cycles, the thickness of the carbon layers increased accordingly. After 
removing the silica template, the remained carbon spheres can be used to evaluate the 
thickness of the carbon layers. Shown in Figure 6.26 are the TEM images of the carbon 
spheres fabricated by one-time and four-time infiltrations of sucrose solution, 
respectively. It can be seen that the thickness of the carbon shell was increased from 21 
nm after one-time infiltration to about 60 nm after four-time infiltrations.  
 
  





Figure 6.27 Schematic illustration of the carbon coated silica pore.  
 
Shown in Figure 6.27 is the illustration of the carbon coated silica pore. 
Because during the carbonization process micropores will form in the carbon matrix, 
the carbon shell has a loose structure (Lei et al., 2001b). These will lead to an unknown 




Pore of silica 
A B
Chapter 6. Fabrication of Photonic Crystal Heterostructures 
184 
balance is impossible. However, under identical conditions, the ratio between the 
volume of a carbon precursor and that of carbon shell formed is a constant. The 








ππφ −=     (6.1) 
where the R and r is the pore radium before and after coating of carbon. From the TEM 
images in Figure 6.26A, after once infiltration the thickness of the carbon layer is 21 
nm. The percentage can be calculated from Equation (6.1), which is 47%. And with 
this value, the shell thickness can calculate after further infiltration process. In Table 
6.2, the calculation results of shell thickness with different infiltration cycles are listed. 
It was found that the calculated shell thickness (63 nm) after four-time infiltration is 
consistent with the TEM data shown in Figure 6.26B. As a result, by changing the 
precursor volume fractions and infiltrated cycles it is possible to control the shell 
thickness precisely. However, it must be noted that the carbon shell thickness cannot 
be increased infinitely by repeated infiltration. In other words, solid carbon spheres 
cannot be synthesized because repeated infiltration will block the pore necks of the 3D 
macroporous silica template, preventing subsequent infiltration (Míguez et al., 2003).  
Table 6.2 Calculation results of shell thickness 
Infiltration time 1 2 3 4 
Diameter of air pore (nm) 178 144 116 94 
Shell thickness (nm) 21 38 52 63 
 
Ordered 3D macroporous silica has been observed to display a PBG (Stein, 
2001). Upon coating of carbon, its optical properties are believed to change. Shown in 
Figure 6.28 are the optical photographs of porous silicas with different pore sizes (220 
and 300 nm) before and after coating of one layer of carbon. After coating, the colors 
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change to green and red from violet and green, respectively, indicating a red shift of 
the reflective wavelength. Because of the presence of different faces of fcc structure, 
multi colors are seen on the iridescent surfaces. The color changes can be explained 
with the Bragg’s Equation (5.2) (Schroden et al., 2002).  
Table 6.3 Calculation results of reflective peak positions of the bare porous 
silicas and carbon-coated silicas 
Pore diameter of porous silica (nm) 220 300 
Thickness of carbon layer  21 29 
Peak position of porous silica  414 (violet) 565 (green) 




Figure 6.28 Reflectance microscope photographs of pure macroporous silicas 
and carbon-silica composites. (A) and (B): macroporous silica with pore 
diameters of 220 and 300 nm respectively; (C) and (D): one-time coating of 
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To demonstrate, here the [111] direction was use as the dominant light-incident 
direction. The RIs of carbon, silica and air were taken as 2.1, 1.4 and 1. The volume 
fraction of carbon, silica and air can be calculated from Equation (6.1). Thus from 
Equation (5.3) we can know the average RI of the composites and obtained the 
positions of stop bands using Equation (5.2). The calculated results are listed in Table 
6.3 and showed that before infiltration, the wavelengths of the stop bands of the 
macroporous silicas with pore diameters of 220 and 300 nm are 397 and 541 nm, 
respectively. Upon one-time infiltration, the wavelengths will increase to 534 and 730 
nm, respectively. The calculated wavelengths of the reflectance waves are consistent 
with the dominating colors of the sample surfaces shown in Figure 6.28.  
Because carbon has a higher RI than air, when partial volume of the silica voids 
is occupied by a layer of carbon, the effective RI of the carbon-coated silica will 
increase. Thus, the RI of the carbon-coated 3D silica structures can be finely tuned for 
photonic applications. With a plane wave expansion (PWE) method (Meade et al., 
1993), the photonic band structures of macroporous silica before and after coating of 
carbon of different thicknesses were simulated and are shown in Figure 6.29. It can be 
seen that by manipulating the thickness of the carbon shell, the photonic band 
structures can be varied (e.g. the mid-gap frequency and the gap-width of the pseudo-
gap at the L point changes with the variation of the thickness of coated carbon layer). 
Thus, the strategy described in this work offers a route to finely tuning the optical 
properties of 3D PCs. 





Figure 6.29 Photonic band structures of (A) a porous silica template, (B) a 
carbon-silica composite with a carbon layer thickness of 30% of the pore size of 
the porous silica template, and (C) a carbon-silica composite with a carbon layer 
thickness of 50% of the pore size of the porous silica template. Here the structure 
is assumed as a close-packed fcc lattice and the RIs of carbon, silica and air are 
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6.3.2  Carbon macroporous structures 
Leaching out the silica framework of sample in Figure 6.24 with HF solution, a 
3D macroporous polymeric material was obtained. As shown in Figure 6.30A, the fcc 
periodic structure in Figure 6.24 was well preserved during the wet etching process. 
The faces (111) and (100) are indicated with arrows. In the macroporous silica 
template, the air pores are connected with small necks (Stein, 2001), which were also 
filled with the carbon precursor during the infiltration process. As a result, after 
removal of the silica framework, the polymeric hollow spheres were connected with 
the necks, which provide the mechanical strength of the ordered 3D polymeric 
structure. The hollow nature of the polymeric spheres is evident from the TEM images 
of Figure 6.30. 
  
Figure 6.30 (A) SEM and (B) TEM images of the 3D macroporous polymer 
structure after removal of the silica framework.  
 
Sucrose precursor solutions with concentrations of 33.3 and 14.3 wt.% were 
also used to prepare carbon structures using 3D macroporous silica template. Figure 
6.31 shows the SEM images of the carbon samples respectively fabricated with these 
two sucrose solutions. Although the same template was used, different carbon 
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(See Figure 6.31A), spheres with an intact surface morphology were obtained. While 
with the low-concentration sucrose solution (14.3 wt.%), spheres with open windows 
were obtained. The positions of the windows (See Figure 6.31B) are exactly where the 
connections of two adjacent polymeric spheres. This observation indicates that a 
higher concentration of the carbon precursor solution can lead to thicker shells of the 
polymeric spheres. Further experimental showed that further carbonization of the 
polymeric spheres with or without windows at 800 oC did not alter the ordered carbon 




Figure 6.31 SEM images of hollow polymer spheres synthesized with different 




Chapter 6. Fabrication of Photonic Crystal Heterostructures 
190 
Upon carbonization at 800 oC, disassembly of the 3D periodic carbon structures 
by using sonication yielded individual carbon capsules as can be seen from the SEM 
images in Figure 6.32A and B. Both sucrose and FA precursors produced carbon 
capsules of uniform diameter. These results demonstrate that the method described 
here has switched complex chemical means to a simple physical strategy for 
fabrication of novel carbon structures (Jiang et al., 2001a), thus can be generalized to 
prepare various carbon structures because silica surface can be easily wetted by many 
carbon precursors while no extra efforts to avoid aggregation of spheres are needed 




Figure 6.32 SEM images of hollow carbon spheres synthesized with (A) sucrose 




Chapter 6. Fabrication of Photonic Crystal Heterostructures 
191 
The nitrogen adsorption/desorption isotherm of the hollow carbon spheres with 
hollow core size of about 190 nm in diameter (sucrose as the precursor) is shown in 
Figure 6.33. The surface area and total pore volume of the hollow carbon spheres were 
calculated to be 630 m2g-1 and 0.63 mL/g, respectively. The large volume of nitrogen 
adsorbed at the low relative pressure region, together with a sharp increase in the 
volume adsorbed at the relative pressure of about 0.95 due to capillary condensation 
indicate the existence of both micropores and macropores in the material. The pore 
size distribution data calculated using the Dubinin-Astakhov method showed that the 
micropores are uniform with a narrow pore size distribution centered at about 1.4 nm. 
The presence of the micropores is due to the carbonization of the carbon precursor (Lei 
et al., 2001b). As a result, the hollow carbon spheres possess a microporous carbon 
shell. 

































Figure 6.33 Adsorption/desorption isotherms and pore size distribution curve of 
hollow carbon spheres with a diameter of 190 nm. 
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In the present work, solid spheres were also obtained by manipulating 
experimental parameter. In the experiment, the sample was dried at room temperature 
instead of heating at 100 and 160 oC. This process is important for obtaining solid 
spheres but not carbon capsules. Shown in Figure 6.34 are the SEM images of the 
samples which were infiltrated for once and three-time with sucrose as solution. As 
seen from the broken edges of the spheres shown in Figure 6.34B, the spheres have 
solid cores. It is believed that the heating process plays an important part in forming 




Figure 6.34 SEM images of solid polymer spheres after (A) Once infiltration and 
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It can be seen that the resultant products are incomplete spheres. It should be 
note that the sucrose was not coated on the inside surface of the template to form a 
layer. As the infiltrated sucrose solution was dried at room-temperature, no polymer 
formed during this process. Thus, the subsequent infiltrations would allow the 
precursor solution to dissolve the solidified sucrose of the previous infiltration. The 
highest sucrose concentration used in this work was 33.3 wt.%, however, the solubility 
of sucrose is about 2.02 g sucrose/1 g water at 20 oC, which is about 66.9 wt.%. As a 
result, the sucrose concentration in the pores can be much higher than the original 
precursor solution due to dissolving of the solidified sucrose, which led to a high 
viscosity. In addition, the pore necks which were blocked by the solidified sucrose can 
be re-opened by such a dissolving process, facilitating the subsequent infiltrations. 
Thus after several infiltration cycles, the pores were fully filled with sucrose solution 
of high concentration and viscosity. During the final heating steps at 100 oC and 160 
oC, the precursor would not coat on the inner surface of the silica macropores due to 
the high viscosity of the sucrose solution. Instead, the precursor would crosslink to 
form solid spheres.  
 
 
Figure 6.35 Schematic illustration of coating mechanisms in porous silica templates 
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Figure 6.36 (A) SEM and (B) TEM image of hollow spheres with open windows. 
 
The size of the necks between the air holes of the macroporous silica template 
and the thickness of the coated carbon shell are two important parameters determining 
the structure of the resultant carbons. As schematically illustrated in Figure 6.35, if the 
size of the necks of the macroporous silica template is relatively large, a carbon 
precursor will coat on the surfaces of both the interior pores and the necks. The 
resultant carbon will be an integrated macroporous carbon structure instead of 
individual hollow carbon spheres. This has been confirmed by the SEM image of a 
macroporous carbon templated by a porous silica with a neck size of 100 nm, which 
A 
B 
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can be seen from Figure 6.36B. It was also found from Figure 6.36B that the sphere is 
hollow and has windows arranged around its surface. On the other hand, if the size of 
the necks of the macroporous silica is relatively small, the necks will be blocked by the 
carbon precursor. Thus, when the macroporous carbon is disassembled, individual 
hollow carbon spheres can be obtained, which has been confirmed by the SEM image 
of a carbon structure templated by a porous silica with a neck size of 20 nm (Figure 
6.37A). 
   
 
 
Figure 6.37 SEM images of hollow spheres without open windows. (A) Sample 
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The thickness of the coated carbon is also important to the structure of the 
resultant carbon. Upon disassembly by sonication, the carbon spheres from which the 
3D carbon structure was made up of are separated because of the strong mechanical 
force applied during sonication. Normally, fracture occurs across inter-sphere walls 
because the stress there is stronger than that of other places (Zakhidov et al., 1998). 
Thus, if the carbon shell is thin, the wall between the two spheres will belong to only 
one of them when breaking up takes place. It should be noted that in a fcc structure 
each sphere connects with twelve neighbors. So it is not easy to obtain hollow carbon 
spheres without opened windows. However, if the carbon shell is thick enough, the 
shared carbon wall will break into two pieces and keep both spheres intact at the 
broken site. Here this breaking is not evenly as can be seen from the SEM image 
shown in Figure 6.37. The concave surface (Figure 6.37A) and the convex surface 
(Figure 6.37B) of the spheres are due to the unevenly broken of carbon during 
disassembly. From the above discussion it can be concluded that by precisely 
controlling the thickness of the coated carbon shell and the size of the necks of the 
porous silica template, either 3D macroporous carbon structures or individual hollow 
carbon spheres can be prepared. 
In this work a walnut-like carbon structure was also obtained as shown in 
Figure 6.38A. According the experiment, the structure was only obtained when the 
concentration of the sucrose solution is high (33.3 wt.%) and the necks among the 
template pores are relative large (larger than 50 nm). Apparently, it resembles the 
morphology of the carbon structure shown in Figure 6.38B. However, a closer look 
revealed that the hollow body is separated into several cells with partition carbon walls. 
The scheme shown in Figure 6.38B can be used to help understand the formation of 
this carbon structure. Heating of sucrose solution infiltrated in 3D macroporous silica 
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at 100 oC produces small bubbles, which will coalesce to form large bubbles in the 
regions of the necks. With further evaporation of the solvent, larger bubbles will 
continue to grow at the expense of smaller ones. In the meantime, the viscosity of the 
sucrose solution increases, resulting in solidification of the solution. When the 
solidified precursor is rigid enough, the bubbles separated by the solidified precursor 





Figure 6.38 (A) SEM image of walnut-like novel carbon hollow spheres with 
separated cells (the arrow indicates partition wall). (B) Schematic illustration of 
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6.3.3  Fabrication of magnetic carbon capsules 
Functional composite particles have attracted lots of attentions because of their 
unique properties in electrical, optical, catalytic and mechanical (Wilcox et al., 1995). 
Magnetic colloidal have become increasingly important because of their widespread 
use in field such as biotechnology, for example, in bioseparations and immunoassays 
(Nakamura et al., 1991). Over the last decade there have been immense efforts to 
prepare the core-shell particles with tailor structure (Caruso, 2001). Typically, the 
colloidal spheres are used as template and coating process are involved. Recently, 
Caruso et al. (1998) developed a Layer-by-layer method and obtained a serial of core-
shell spheres with various shell materials of controllable shell thickness (Caruso et al., 
2001). However, this coating process normally involved complex chemical process 
and extra effort is needed to keep the spheres separately.  
 
   
Figure 6.39 SEM images of magnetic carbon capsules fabricated with different 
concentration of Fe nanoparticles (A) 2×10-3 wt. %, and (B) 1×10-2 wt. %. 
 
Magnetic carbon capsules were seldom studied till now. However, considering 
the low density, which leads to high responsivity, and the chemical resistance of the 
carbon, the magnetic carbon capsules will find widespread use in the applications of 
A B
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biotechnology. On the basis of the method of fabricating carbon hollow spheres 
described in 6.3.2, the magnetic carbon capsules were prepared using the macroporous 
silicas as templates. Shown in Figure 6.39 are the SEM images of magnetic carbon 
capsules fabricated with different concentration of Fe nanoparticles. It can be seen that 
the carbon capsules have uniform size and spherical shape. From the broken spheres 
we could observe the inside of the carbon capsules. It was found that with low 
concentration of nanoparticles, the inside wall of the capsules have smooth surface 
Figure 6.39A. However, at a high concentration, the pores inside of the spheres are 
separated with the partition walls. It is believed that at low concentration the existence 
of the nanoparticles have no effects on the infiltration process. In other words, under 
such condition, the precursor coated on the inside wall of the template and the 
nanoparticles just embedded in the precursor shell. However, when the concentration 
of the nanoparticles is high, they will affect the motion of the precursor solution. After 
the infiltration, both the sucrose and the nanoparticles are filled in the pores of the 
macroporous silica. In addition, as the surface of the nanoparticles is hydrophilic, the 
nanoparticles can act as cores to congregate the sucrose around them, which can be 
seen from Figure 6.39B. And because the concentration of nanoparticles is high, lots of 
nanoparticles existed in one pore, thus, the congregated sucrose can assemble together 
to form partition walls.   
Shown in Figure 6.40 is the TEM image of the magnetic carbon capsules. It can 
be seen that the nanoparticles are successfully embedded in the carbon capsules. In 
addition, it can also be seen that most of the particles concentrated in the shell of the 
capsules. This is because that the concentration of the nanoparticles is low, thus they 
move with the flow of the precursor solution and embed in the coated precursor.  
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Figure 6.40 TEM image of the magnetic carbon capsules.  
 
Figure 6.41 and Table 6.4 show the EDX results of the magnetic carbon 
capsules. It can be seen that the weight percentage of the carbon, oxygen, silica and 
iron is 69.12, 11.08, 1.6 and 18.2 %. It can be conclude that the element iron was 
embedded in the carbon capsules successfully. The existence of the silica is due to the 
incompletely removing of the template.  
XRD was also used to characterize the sample and the result is shown in Figure 
6.42. It can be seen that there are four peaks at 26.56, 35.5, 43 and 50. The peak of 
26.56 can be attributed to the existence of the silica. The other three peaks indicated 
the existence of γ-Fe2O3 nanoparticles. It is believe the produce of the nanoparticles is 
due to the carbonization process. At 800 oC, the Fe will be oxidized and form the 
stable structure γ-Fe2O3. 





Figure 6.41 EDX result of the magnetic carbon capsules. 
 
 
Table 6.4 EDX result of the magnetic carbon capsules 
 
Element Weight% Atomic% 
C K 69.12 84.26 
O K 11.08 11.14 
Si K 1.6 0.83 
Fe K 18.20 4.77 
Totals 100.00 100.00 
 
To probe the magnetic properties of the sample were studied using Vibrating 
sample magnetometer (VSM) at room temperature. The magnetization versus field is 
shown in Figure 6.43. The data displayed room-temperature hysteresis and a small 
remanent magnetization. This behavior is consistent with that of a soft ferromagnet and 
indicates that the sample contains ferromagnetic γ-Fe2O3 nanoparticles.  
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Figure 6.42 XRD result of the magnetic carbon capsules. 
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6.4  Summary 
By using the layer-by-layer growth method, heterostructural multilayers of PS 
spheres with different sizes were fabricated. And after infiltration and removal of 
template, the heterostructural inverse opals were obtained. Besides the size 
heterostructural multilayers, the composite heterostructural multilayers were also 
obtained by growing PS spheres on the silica infiltrated PS colloidal crystals. It was 
found that the peaks of the optical reflectance of the heterostructural multilayers were 
consistence with the spectra of the individual layers.  
Fabrication of composite multilayers of PS and silica spheres was also 
attempted in the research. These binary colloidal crystals were also prepared by using 
the layer-by-layer growth method. The thickness of the silica spheres increased with 
the increase of the concentrations of the silica suspension. After removal of the bottom 
PS colloidal layer, arrays of non-closed packed silica spheres were obtained. The 
formation of these structures was due to the guiding effects of the PS colloidal layers. 
When a low concentration of silica suspension (0.05 %) was used, monolayer silica 
patterns were formed on the PS colloidal films. It was found that the pattern structures 
were related with the ratio between the diameter of the PS spheres and the silica 
spheres. The patterns with structures of LS and LS2 were obtained when the ratio is 
0.68 and 0.4 to 0.5, respectively. 
Embedding defects in PC is an important process which leads to the 
applications of the PCs. In the experiment, planar defects were fabricated in to the PCs 
by using layer-by-layer growth method. In this strategy, PS colloidal crystals were 
grown on the infiltrated colloidal crystals, which had uniform silica layer on the 
surface. Then with another cycle of infiltration and removal of the template the silica 
planar defects can be embedded into the inverse opal. An approach to creation of line 
Chapter 6. Fabrication of Photonic Crystal Heterostructures 
204 
defects embedded in a PC also demonstrated by combining the self-assembly and 
lithography techniques. In this method, photoresist patterns were constructed on the 
surface of the silica opal film with conventional optical photolithography technique. 
After re-growth of the silica colloidal crystal, photoresist line defects were successfully 
introduced into the self-assembled silica colloidal crystal. Replication of silica 
colloidal crystal with carbon and removal of photoresist lines resulted in a carbon PC 
with air-core line defects embedded in its interior.  
Template synthesis of novel carbon structures including 3D macroporous 
carbon, micron-scale hollow carbon spheres with and without partition carbon walls, 
and carbon solid spheres was demonstrated. Various carbon structures can be obtained 
simply by controlling the fabrication parameters such as concentration of carbon 
precursor, infiltration times of the carbon precursor, neck size of the porous silica 
template. In addition, by using magnetic particles involved carbon precursor, magnetic 
carbon spheres can be fabricated, which have strong magnetic response.  
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CHAPTER 7  
NANOSPHERE LITHOGRAPHY FOR SURFACE 
PATTERNING 
Surface patterning on substrates has wide application in many areas, such as 
photonics (Poborchii et al., 1999), data storage (Krauss and Chou, 1997; Born and 
Wiesendanger, 1999), and biosensors (Lee and Asher, 2000). However, conventional 
techniques for creating surface patterning, such as electron-beam lithography, are time-
consuming and costly. Nanosphere lithography, as a simple alternative approach, has 
been successfully applied to fabricate patterns on substrates (Haes and Van Duyne, 
2002; Winzer et al., 1996; Haynes and Van Duyne, 2001). Typically, this method 
involves three steps. First, colloidal spheres are organized on a substrate via self-
assembly process to form a monolayer. Second, the voids among the spheres are filled 
with a material using deposition techniques, such as chemical vapor deposition (CVD) 
and sol–gel method. Finally, the spheres are removed to leave behind a nanostructured 
pattern, nanorings or dots on the substrate. In addition to the advantages of low cost 
and simplicity, nanosphere lithography offers precise control over surface pattern at 
the nanometer scale simply by using spheres of different size scales.  
Although nanosphere lithography has been successfully demonstrated to form 
pattern on substrates by many research groups, there are some problems associated 
with it. First, the domain size of the self-assembled colloidal spheres in an ordered 
manner is not large enough for device applications because the sphere arrays are 
generally fabricated with a spin coating technique, which affords ordered structures in 
small domains. Second, polystyrene (PS) beads, the commonly used colloidal spheres, 
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are only applicable as a mask for fabrication of inorganic patterns. Third, the sphere 
arrays formed via self-assembly are closely packed, limiting the structures of the final 
patterns.  
In this section, carbon and silica surface patterns were fabricated by using PS 
colloidal crystals as the template. By controlling the experimental conditions, various 
pattern structures can be obtained. In addition, with these surface patterns as the 
templates, the fabrication non-close packed silica spheres and the ordered arranged 
nanopits were attempted.  
7.1  Carbon pattern on glass substrate 
The experimental process of fabrication carbon pattern on glass substrate is the 
same as the method using in preparing carbon inverse opals. The only difference is that 
the monolayer or double layer colloidal films were used as the templates. Figure 7.1 
shows such patterns with a hexagonal and a quadrangular structure, respectively. 
Figure 7.1A and B are double layer carbon patterns, which can be observed from the 
broken sites of the simples. These two carbon patterns were obtained by using double 
layer colloidal films as templates. It can be seen that the pores were ordered arranged 
and the surface of patterns were uniform. In addition, the pores were connected each 
other with small necks. The image in Figure 7.1A shows the (111) plane and it is found 
that under each pore of the top layer there are three pores, which indicated that the 
bottom layer also has a hexagonal structure. Figure 7.1B showed the (100) plane and 
we can see through the pores that the bottom layer has the same structure as the top 
layer. Figure 7.1C and D shows the monolayer carbon patterns. It can be seen that the 
patterns were ordered arranged. However, the pore size of the patterns is smaller than 
the spheres of the template. This is due to the low concentration sucrose solution used.  
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Figure 7.1 SEM images of double layer carbon (A an B) and monolayer of 
carbon (C and D). (A) and (B) are hexagonal patterns and (C) and (D) are 
quadrangular carbon patterns. 
 
The amount of carbon precursor infiltrated determines the structure of the 
resultant carbon patterns. The schematic illustration was shown in Figure 7.2. When 
the thickness of the pattern is just equal to the radius of the template spheres, the pore 
diameter of the carbon film reaches the maximum, the same size as the diameter of the 
spheres (See Figure 7.2A). Otherwise, the pore size of the carbon film will be smaller 
(See Figure 7.2B and Figure 7.2C). Because of the use of low-concentration carbon 
precursor for infiltration in the experiment, the resultant carbon films have a small 
thickness. As indicated by the arrow in Figure 7.1D, a template spheres remained on 
the substrate. It can be seen that the diameter of the sphere is 1000 nm and is larger 
than the diameter of the pore of the pattern.  
A B
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Figure 7.2 Schematic illustration of carbon pattern formation. (A) The thickness 
of the carbon layer is the same as the diameter of the spheres. (B) The thickness 
of the carbon layer is less than the diameter of the spheres. (C) The thickness of 
the carbon layer is larger than the diameter of the spheres. 
 
The carbon pattern on the substrate is a structure with periodic voids, which 
provide low energy sites for subsequent growth of colloidal spheres. Thus, it can be 
used as a mould to direct the growth of colloidal particles (Abdelsalam et al., 2004). 
During this process, both the gravitational force and the capillary force determine the 
sedimentation and arrangement of the silica spheres. Shown in Figure 7.3 are the SEM 
images of silica spheres of different sizes grown on carbon-patterned substrates. In 
Figure 7.3A the silica spheres have diameter of 280 nm and the pattern have a void 
diameter of 700 nm. It can be seen that most of the voids were occupied by one silica 
sphere. It should be noted that all these spheres sit at the center of the voids. This is 
because the voids have the shape of bowl as shown in Figure 7.2. Thus the silica 
spheres are adapted to locate at the bottom of these bowls, which is the center of the 
voids. It also can be seen that some of the voids are occupied by two or three spheres 
as indicated by arrows. When two spheres of 280 nm are fit exactly in one circle, the 
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circle is about 603 nm. The diameter of the carbon pattern voids is 700 nm, thus they 
can hold two or three sphere at the same time. In addition, as the voids are bowl-shape, 
the silica spheres contacted tightly in the pores though the diameter of void is much 
larger than that of the silica spheres. Shown in Figure 7.3B is also the sample with 280 
nm silica spheres deposited in 700 nm voids. However, the carbon layer is double layer. 
It can be seen that the single sphere in the void doesn’t locate at the center of the void. 
This is because in double layer each surface void contacts with three pores of the 
bottom layer and they are connected with necks, which shown as small pores in the 
surface voids. Thus the silica sphere can be trapped in these small pores and didn’t 
locate at the center of the carbon voids. In the Figure we can find that in each void 
there are three small pores, which are templated from necks among spheres in the 
colloidal crystals. Shown in Figure 7.3C is a sample which was fabricated by 
depositing 400 nm spheres on a pattern of 400 nm diameter. It can be seen that most of 
the spheres prefer to deposit in the carbon voids. And the silica spheres maintain the 
ordered structure of the carbon pattern. Although the voids and the silica spheres have 
the same diameter, all the silica spheres are isolated within the carbon voids. This is 
because the carbon voids are not closed packed, which can be seen from the illustration 
in Figure 7.1C. As carbon can be easily removed by heat treatment, the carbon surface 
patterns could provide a route to fabrication of nonclose-packed colloidal crystals, 
which are of importance in photonics. Silica spheres of 500 nm diameter were 
deposited on the same substrate in Figure 7.3C and the SEM image is shown in Figure 
7.3D. It can be seen that the silica spheres are closed packed and form hexagonal 
structure. Because the carbon pattern was templated from 500 nm PS spheres, when 
the silica spheres of 500 nm were deposited on it, they will fill the voids completely. 
The process can be explained with the reverse procedure of Figure 7.2B.  
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Figure 7.3 SEM images of the growth of silica spheres on carbon pattern. (A) 
and (B) 280 nm silica spheres on monolayer and double layer carbon pattern 
with void diameter of 700 nm diameter, respectively. (C) 400 nm and (D) 500 
nm silica spheres on a carbon patterns with a void diameter of 400 nm.  
 
7.2  Silica pattern on glass substrate 
The strategy for fabrication of surface patterns by using nanosphere lithography 
normally involved the preparation of monolayer colloidal films on substrate. However, 
in the experiment the silica patterns were fabricated with multiplayer colloidal crystals 
as template. In the experiment, the colloidal crystal was grown on the substrate and the 
silica was infiltrated in it. Then the PS template was removed and sonication was 
applied to remove the silica inverse opal. Show in Figure 7.4A is a broken inverse opal. 
It can be seen that when the silica framework was stripped of from the substrate, the 
silica pattern was left. As the substrate is also silica, the infiltrated silica has a good 
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in Figure 7.4B is the illustration of a first-layer silica cell growing on the substrate. Site 
I indicates the contact position between the substrate and the grown silica. Site II 
indicates the contact point of three neighboring air spheres. It can be seen that the cross 
section area of site I is much larger than that of the site II. Thus, when the inverse opal 
is sonicated, the breaking takes place at site II but not at site I. As a result, 2D pattern 
can be obtained with 3D colloidal crystals as template. Because large region 
multiplayer colloidal crystals are much easier to fabricate than monolayer colloidal 
film, the method simplified the fabrication method of 2D surface pattern.  
 
   
Figure 7.4 (A) SEM image of the inverse opal, and (B) schematic illustration of 
one cell of the bottom layer of the inverse opal.   
 
For the colloidal crystals grown on the substrate, there is only van der Waal 
force among the PS spheres and between the spheres and the substrate (Burmeister et 
al, 1997). Thus, the colloidal crystals have low mechanism strength. In addition, the PS 
sphere and the substrate are point contacted. To increase the mechanism strength of the 
colloidal crystals, the sample was annealed above the glass transition temperature of 
the PS. During this process, the surface of the PS spheres melt slightly and connected 
together after cooling down. Therefore, annealing led to area contact. The SEM images 
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10 min separately. It can be seen that the shape of the PS spheres changed to polygon 
and the packing density increased when annealed at a high temperature. This is 
because the intrinsic forces of surface tension deform the particles into space-filling 
shapes (Gates et al., 2000). However, it should be noted that the center-to-center 
distances of two neighboring spheres of the four samples were almost the same, which 
indicated that the lattice constant didn’t change.  
 
   
   
Figure 7.5 PS colloidal crystals annealed for 10 min at (A) 100, (B)105, (C)110, 
and (D) 115 oC.  
 
Shown in Figure 7.6 is the infiltrated colloidal crystal which was annealed at 
115 oC for 10 min. In the figure, the disassembled PS spheres can be observed. It was 
A B
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found that on the surface of the PS spheres there were tangent planes, which were the 
original contact interfaces of neighboring spheres.  
  
Figure 7.6 Silica infiltrated PS colloidal crystals annealed at 115 oC.for 10 min. 
(A) low magnified and (B) high magnified images.  
 
The annealing process can increase the contact area not only between two 
neighboring spheres but also the spheres and the substrate. Thus, if the annealed 
colloidal crystals were used to fabricate surface pattern, various structures could be 
obtained. Shown in Figure 7.7 are SEM images of four silica surface patterns, which 
templated from colloidal films annealed at different temperatures. It can be seen that 
the center-to-center distances between the neighboring voids are almost the same for 
the four samples, which are about 800 nm. It can be concluded that annealing had little 
effects on the lattice constants of the colloidal crystals. From the SEM image of Figure 
7.7 we can also seen that there are small round planes located at the center of the voids. 
And the area of the round planes increased with the increase of the annealing 
temperatures. In Figure 7.7A the round planes have a diameter of 229 nm and the 
diameter increase to 400 nm when the annealing temperature is increased to 115 oC 
(See Figure 7.7D). Shown in Figure 7.8 is the AFM image of the sample in Figure 
7.7D. It can be seen from the figure that the center-to-center distance is about 800 nm 
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and the depth of the voids is about 100 nm. In addition, it was found that the bottom of 
the voids was flat. The results can be explained with illustration shown in Figure 7.9. 
During the annealing process, the PS connected with the substrate closely because of 
the melting of the sphere surface and these connected areas cannot be infiltrated with 
silica. Thus after the removal of the template, the round planes were obtained. In 
addition, the contact area between the PS spheres and the substrate increased with the 
increase of the temperature, which led to the increase of the diameter of the round 
planes.  
   
   
Figure 7.7 Silica patterns templated from PS colloidal crystals annealed for 10 
min at (A) 100, (B) 105, (C) 110, and (D) 115 oC. The inner diameter are 229 nm, 




Chapter 7. Nanosphere Lithography for Surface Patterning 
215 
 
Figure 7.8 AFM image of the silica pattern shown in Figure 7.7D and the 




Figure 7.9 Schematic illustration of formation mechanism of silica patterns 
fabricated from PS templates with different annealing temperature.  
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Figure 7.10 SEM (A) and AFM (B) image of ring-shape silica patterns.  
 
Besides of the void structure patterns, the ring structure patterns were also 
obtained. Shown in Figure 7.10 are the SEM and AFM image of the ring structures. It 
can be seen that the rings had perfect round shape and formed a hexagonal array, 
which was the same as the array of the template spheres. In addition, it was found that 
the center-to-center distance of the neighboring spheres was equal to the diameter of 
the template spheres. From these two facts we can conclude that the rings templated 
from the PS spheres of the template. In the experimental, it was found that the 
concentration of the precursor solution had strong effects on the pattern structure. 
Shown in Figure 7.11 are the illustrations of the formation mechanism of void and ring 
structural patterns. After infiltration, the volume of the precursor solution decreased 
because of the evaporation of the solvent and the gelation of the precursor. When the 
concentration of the precursor is high (20 vol.% TEOS), though the precursor shrunk 
the amount of the silica can still cover the whole substrate. Thus the void structures are 
obtained as shown in Figure 7.7. When a low concentration precursor is used, the 
amount of the silica, which can be condensated from the solution, will be very small. 
And due to the existence of the PS spheres, the precursor solution cannot spread over 
A 
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the surface of the substrate and form a thin layer. Instead, the precursor will coagulate 
in the corners between the PS spheres and the substrate. This is because the corners 
have a very small angle and the capillary force will push the liquid into these sites. 











Figure 7.11 Schematic illustrations of the formation mechanism of voids 
structure pattern and ring structure pattern.  
 
Shown in Figure 7.12A is the transition region with both void structure and 
ring structure. It can be seen that the diameters of inner circles of both the void and 
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The left side of this structure connected with void structure and its right side showed as 
ring. This result confirmed the mechanisms of Figure 7.11 that both void and ring 
structures were templated from the identical PS spheres and the difference between 
these structures was due to the infiltration conditions. Shown in Figure 7.12B is SEM 
image of a breaking ring structure. It was found that the height of the ring isn’t uniform. 
The height of its outer circle is larger than its inner circle. A clear view can be found 
from the AFM image of Figure 7.13. The image in the top left corner gives out the 
cross section image of the ring structure. From the cross section it can be seen that the 
tops of the rings show a sharp angle and their inner walls show a curve plane. We can 
conclude that the ring precisely replicated the shape of the corner between the PS 
sphere and the substrate. The analysis data of the ring are shown in the table of bottom 
right corner. The two red arrows indicate the centers of two rings and the distance 
between them is about 805 nm. This value can be taken as the diameter of the template 
spheres. The horizontal distance between the two black arrows is the diameter of the 
ring opening, which is about 461 nm. If we assume a template sphere sitting in the ring, 
the ring inner surface can be taken as part of the curve surface of the sphere and the 
ring opening can be taken as the tangent plane. Thus the distance from the center of the 
sphere to the tangent plane can be calculated, which is 330 nm. And subtracting this 
value from the radius of the PS sphere, we can obtain the height of the ring, 72.5 nm. 
However, from the analysis data of the AFM image it was found that the height of the 
ring is about 52 nm, which is the vertical distance between the two green arrows. This 
difference is due to increase of the contact area between the PS sphere and the 
substrate during the annealing process.  
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Figure 7.12 SEM images of (A) the patterns with both void and ring structures 
and (B) the broken ring structure.  
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Figure 7.14 SEM images of (A) the silica rings of various sizes on substrate and 
(B) the ring structure in the inverse opal.  
 
In the experiment, it was found that various sizes of silica ring can be obtained 
in one sample, which is shown in Figure 7.14. It can be seen that there are two kinds of 
silica rings. One kind of the rings has a diameter of about 470 nm and arranged orderly 
as indicated by the white line in Figure 7.14A. Thus it can be concluded that these 
rings were templated from the PS spheres which contacted with the substrate. The 
other kind of rings has a much smaller diameter varied from about 150 to 270 nm. 
These rings laid on the substrate randomly, some of them even overlapped. Thus these 
rings might form in the upper layer of the inversed opal and fall on the substrate during 
the sonication process. Shown in Figure 7.14B is the SEM image of the ring structures 
in the inverse opal. As in the template opal, around the contact point of two 
neighboring spheres there is small contact angle. Thus the precursor solution will also 
coagulate at these sites. If the concentration of the precursor solution is low, the silica 
cannot completely fill the voids of the opal. Instead, the silica can only fill the contact 
angle (Yan and Goedel, 2005). However, the contact area between the two neighboring 
spheres is smaller than that of between the sphere and the substrate. As a result, the 
ring obtained in the inverse opal is smaller than that formed on the substrate.  
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7.3  Silica pattern on silicon substrate 
By using the method described in section 7.2, silica pattern was also fabricated 
on the silicon substrate. Because both the silica substrate and the silicon substrate have 
the hydrophilic surface, the results are the same for these two substrates. However, for 
silicon substrate the silica pattern has the different properties from the substrate. Thus 
by using the silica pattern as mask, the silicon can be selectively etched and forming 
new pattern structures.  
The fabrication process of the nanopits on silicon substrate is shown in Figure 
7.15. First, the silica pattern was formed on the silicon substrate as shown in section 
7.2. Second, etching was applied to the silicon substrate. Because the silica was 
insensitive to the etching, the sites coved with silica pattern were protected from the 
lithography. And the exposed parts were etched as nanopits. Third, the silica pattern 
was selectively removed by soaking in the mixture of HF and NH4F solution and the 





Figure 7.15 The schematic illustration of the fabrication process of the nanopits.  
 
Silicon substrate 
with silica pattern  
Silicon substrate 
with nanopits 
Silicon pattern  
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Two parameters are important to the shape of the nanopits, the shape of the 
pattern and the duration of etching. From Figure 7.7 we can see that the center circle 
areas of the voids weren’t covered with silica and these sites will expose to etching 
directly to form nanopits. As the area of these circles can be varied by controlling the 
annealing conditions, the size of the nanopits can be changed accordingly. Shown in 
Figure 7.16 are SEM image templated from different void patterns. It can be seen that 
in both samples the center-to-center distance of the neighboring voids are about 500 
nm, which indicated that both the patterns were templated from the same colloidal 
films. In addition, the pits in Figure 7.16A and B have diameter about 100 and 300nm, 
respectively, which were consistence with the size of the uncovered area in the silica 
patterns.  
  
Figure 7.16 SEM image of silicon substrates with nanopits diameter of (A) 100 
nm, and (B) 300 nm. 
 
The duration of etching is also an important parameter to the shape of the 
nanopits. Long etching duration led to the deep pits. Thus increasing the duration of 
etching will lead to deeper nanopits. Shown in 7.17 are the nanopits obtained with 
different etching duration. From the AFM images it can be seen that these pit are 
ordered arranged. And from the cross section image it was found with the increasing of 
etching duration the depths of the pits increased from 101 nm to 146 nm. It was also 
A B
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found from the cross section images that both the two samples have a flat bottom, 
which indicated the homogeneous etching of the silicon.  
 
Figure 7.17 AFM images of the substrate with nanopits and their cross section 
analysis. The etching durations are (A) 3 min and (B) 5 min.  
 
Shown in Figure 7.18 are sample fabricated with very short and long etching 
durations. It can be seen from Figure 7.18A that the silicon substrate was only slightly 
etched. In Figure 7.18B it can be seen that the pits contacted together and they 
appeared as hemispherical structure. The illustration of etching process is shown in 
Figure 7.19. From the Figure 7.19A it is seen that the thickness of the silica pattern 
decreases from outside to the center of the void. It should be noted that during the 
etching process the silica was also etched though the etching speed is slower than that 
of silicon. Thus if the etching duration is long enough, a layer of silica can also be 
A
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removed as indicated with the dash line in Figure 7.19B. And when the silica pattern 
was etched away, the silicon covered with silica was exposed and etched. As a result, 
the hemispherical pits were obtained.  
     
  
Figure 7.18 SEM images of silicon substrate with nanopits by using various 
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Figure 7.20 SEM images of rectangle arranged nanopits.  
 
Besides the hexagonal arranged nanopits, in the experiment the rectangle 
arranged nanopits also obtained as shown in Figure 7.18. It was found that this 
structure was resembled to the double inverse layer shown in Figure 7.1B (See the 
white circle in the Figure 7.18). Thus it was believed that these nanopits were 
templated from the double layer rectangle arranged inverse silica opal.  
During the fabrication of nanopits on the silicon substrate, it was found that 
silica was also etched and formed some interesting structures. Thus in the experiment 
by changing the lithography conditions, which the silica was etched faster than silicon, 
the silica patterns are fabricated. Shown in Figure 7.21 are some such silica structures 
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Figure 7.21 (A)-(D) are SEM images of different silica pattern structures and 
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In Figure 7.21A and E the silica pattern appears as a thin layer with ordered 
arranged hexagonal pores. Shown in Figure 7.21B and F are another kind of structure, 
the pattern was build up with hexagons, which formed with six small spheres. The 
difference of these two structures can be understood with help of Figure 7.22. Shown 
in Figure 7.22A is the original silica pattern on the substrate and Figure 7.22B is the 
3D model of the silica which confined between the substrate and three neighboring air 
spheres. As indicated in the Figure, the silica can be classed into two types, confined 
by two spheres and confined by three spheres. During the etching, the same thickness 
of silica will be removed from the silica patterns. If the height of these two kinds of 
silica is the same, after etching the silica pattern will has uniform thickness (See Figure 
7.21A and E). However, if their height isn’t the same, as shown in Figure 7.22B, after 
etching the non-smooth pattern will be obtained. In the etched pattern, the silica 
between two spheres will be etched away and shown as gaps and the silica confined in 
three spheres is separated (See Figure 7.21B and F). The spherical shape of the silica 
could be due to the re-condensation of the etched silica. If further etching was applied, 
only silica among three spheres was remained as shown in Figure 7.21C and G.  
   
Figure 7.22 (A) Hexagonal silica pattern on silicon substrate and (B) 3D model 
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Figure 7.21D and H show an interesting pattern structure which appears as 
quadrangular arranged silica spheres connected with thin silica lines. The formation of 
this structure can be understood with the help of Figure 7.23. As shown in Figure 
7.23A and B, the silica surrounded by four air voids is higher than silica of other 
positions, thus after etching it can be remained and appeared as silica spheres due to 
the re-condensation of the etched silica. From the Figures 7.21H and 7.23A we can 
find that the positions of the silica lines are just the sites where confined with two 
voids in the original silica pattern. Thus it can be concluded that the silica lines were 
originated from the silica between the two voids. However, the height of these sites is 
low and may be completely removed during the etching process. There are two 
possible explanations for the formation of the silica lines. One is that the etching 
duration isn’t long enough. The other reason is that the original silica pattern has the 
shape of Figure 7.23B, which is the result of the high infiltration ratio. The silica in 
position II acts as mask and prevents the complete removal of the silica in the bottom 
layer.  
 
   
Figure 7.23 (A) Quadrangular silica pattern on silicon substrate and (B) 3D 
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7.4  Summary 
By using the PS colloidal monolayer and double layer as template, hexagonal 
and quadrangular structural carbon patterns were obtained. And by using the carbon 
pattern as template, ordered packed silica spheres were fabricated. By manipulating the 
size ratio between the silica spheres and the pattern voids, close packed and non-closed 
packed array of silica spheres can be obtained. 
Silica patterns were fabricated on the glass and silicon substrate by using 
multilayer PS colloidal crystals as template. By manipulating the concentrations of the 
precursor solution, both void and ring structural patterns were fabricated. In addition, 
by controlling the annealing conditions of the colloidal crystals, various void structures 
with different shapes can be achieved. Furthermore, ring structures with different size 
were fabricated between template spheres and substrate and among spheres.  
By using the silica pattern as template, nanopits were fabricated on the silicon 
substrate. The shape of the templates and the etching duration are two important 
parameters which have effects on the morphology of the nanopits. The size of the 
template void decides the size of the nanopits directly. Increasing the etching duration 
will lead to the increase of the depth and size of the nanopits. In addition, etching was 
also applied on the silica pattern and various structures were obtained.   
Chapter 8. Conclusions and Recommendations 
230 
CHAPTER 8  
CONCLUSIONS AND RECOMMENDATIONS 
8.1  Conclusions 
Three-dimensional (3D) photonic bandgap (PBG) materials represent a new 
frontier in the field of optoelectronics. However, this kind of materials is not easy to 
fabricate by using the traditional lithography method. To explore the alternative 
strategy of synthesizing the 3D PBG materials, self-assembly method was used in this 
thesis work. In addition, fabrication of heterogeneous PBG materials was attempted to 
realize their potential applications.  
Monodisperse colloidal spheres are the important building units for the 
colloidal crystals. Monodisperse polystyrene nanospheres were synthesized by using 
emulsion polymerization. It was found that emulsifier-free emulsion polymerization 
produces larger PS spheres than emulsion polymerization does. The size of the PS 
spheres can be increased with the increase of the monomer concentrations. High 
temperatures lead to the smaller spheres and less uniform size. Seed polymerization is 
an effective method to increase the size of the PS spheres. Silica nanospheres were also 
prepared with a modified Stöber method. It was found that by decreasing the feed 
velocity of TEOS the silica spheres can be grown from 340 to 590 nm. In addition, the 
size of the silica spheres can also be increased by increasing the amount of the TEOS.  
In this research work, a new method, namely flow-controlled vertical 
deposition (FCVD) method was developed. With this method, high-quality colloidal 
crystals in large domains were fabricated. The improvement in the quality of the 
colloidal crystals can be attributed to the peristaltic pump used in the FVCD method. 
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Because the peristaltic pump can remove the solvent and the colloidal spheres at the 
same time, the problem of concentration gradient due to particle sedimentation during 
the self assembly process can be resolved. In addition, large spheres (larger than 1500 
nm) were fabricated into colloidal crystals. The experimental data also showed that the 
thickness of the colloidal crystals can be increased by either increase in the 
concentration of the PS colloidal suspension, or increase in the surface tension, or 
decrease in the flow velocity, or decrease in the size of the spheres. As a result, the 
FCVD method is a feasible for fabricating high-quality colloidal crystals of 
controllable thickness.  
The apparatus of the FCVD method was also used to infiltrate the colloidal 
crystals. Silica was infiltrated into the interstices of the colloidal crystals effectively. 
With the increase of the infiltration cycles, the infiltration ratio of the silica increased 
accordingly. In addition, in this method the substrate was drawn out vertically from the 
suspension and no excess precursor solution is kept on the surface. Thus the samples 
have a smooth and uniform surface morphology. Although only silica was used as 
infiltrated materials in the experiment, the results of this study demonstrate the 
feasibility of the FCVD method.  
By using the colloidal crystals as template ordered macroporous organosilicas 
with methylene, ethylene, and ethenylene bridges molecularly were prepared. It was 
found that the peaks of the reflectance spectra of the macroporous silicas could be 
changed by varying the concentration ratio of the organosilicas. Besides the silica and 
organosilica macroporous materials, the macroporous carbon and TiO2 were also 
fabricated and their optical properties were measured.  
To obtain size and composite heterostructural multilayer, layer-by-layer 
method was used and various heterostructures were obtained, such as multiplayer of 
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different size PS spheres, PS colloidal film on silica infiltrated PS opal, PS colloidal 
film on inverse silica opal and silica colloidal film on PS opal. It was found that the 
peaks of the optical reflectance of the heterostructural multilayers were consistent with 
the spectra of the individual layers. In addition, by combining the self-assembly 
method and lithography method, the heterogeneous structural PCs with line defects 
were fabricated. In this kind of heterogeneous PCs, the homogeneous parts will stop 
the electromagnetic wave of certain wavelength completely. So the wave can only 
propagate along the artificial defects.  
Template synthesis of novel carbon structures including 3D macroporous 
carbon, micron-scale hollow carbon spheres with and without partition carbon walls, 
and carbon solid spheres was attempted as well. It was found that the thickness of the 
shell can be increased with the increase of the precursor concentrations and the 
infiltration cycles. In addition, the optical reflectance spectra of the silica inverse opal 
can be varied by coating carbon layer on the inner wall. Furthermore, by using 
magnetic particles, magnetic carbon spheres can be fabricated.  
Surface patterns of carbon and silica have been obtained by using self-
assembled colloidal crystals as templates. Silica patterns, voids or rings have been 
obtained by manipulating the concentrations of the precursor solution. The carbon 
pattern can be used to direct the deposition of silica spheres. By manipulating the size 
ratio between the silica spheres and the pattern voids, close packed and non-closed 
packed array of silica spheres have been obtained.  
By using the silica pattern as the template, nanopits were fabricated on the 
silicon substrate. The size of the template voids determines the size and arrangement of 
the nanopits. Etching time determines the depth and size of the nanopits. In addition, 
etching was also applied to the silica pattern and various structures have been obtained.  
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8.2  Recommendations 
In this work, both PS and silica spheres were used. However, silica spheres 
cannot be assembled into high-quality colloidal crystals with the FVCD method 
because of the higher density of silica than PS. This emphasizes the need for further 
improvement on the FCVD method, such as introducing temperature gradient and 
using a suitable solvent. 
The FCVD method can also be used for infiltrating the colloidal crystals as 
demonstrated by the infiltrating PS opals with a silica precursor. Because other 
alkoxides hydrolyze and condense in a similar way to TEOS, the FCVD method may 
be applicable to infiltrate other materials. However, due to the various speeds of 
hydrolysis and condensation of different precursors, further study should be done to 
find out the optimum experimental conditions.  
Although the fabrication of line defects embedded in a 3D PC has been 
successfully demonstrated, the dimensions of the defects are not comparable to the 
wavelength range of light. Thus, high-resolution lithography techniques such as ion-
beam lithography shall be used to reduce the dimensions and to control the shape of 
the artificial defects. In addition, complex structural defects such as forfication 
structure are recommended in further study because these defects are important to the 
assembly of optical circuits.  
In the present work, silica patterns were fabricated on silicon substrate. These 
patterns were used as masks to form nanopits. However, silica materials have a low 
photoresistance, thus unsuitable to be used as a mask. Thus other materials are 
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